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1
SOLID STATE LIGHTING DEVICES
INCLUDING QUANTUM CONFINED
SEMICONDUCTOR NANOPARTICLES, AN
OPTICAL COMPONENT FOR A SOLID
STATE LIGHTING DEVICE, AND METHODS

This application is a continuation of commonly owned
International Application No. PCT/US2009/002789 filed 6
May 2009, which was published in the English language as
PCT Publication No. W02009/151515 on 17 Dec. 2009,
which International Application claims priority to U.S. Appli-
cation No. 61/050,929, filed 6 May 2008, U.S. Application
No. 61/162,293, filed 21 Mar. 2009, U.S. Application No.
61/173,375 filed 28 Apr. 2009, and U.S. Application No.
61/175,430 filed 4 May 2009, each of the foregoing hereby
being incorporated herein by reference in its entirety.

TECHNICAL FIELD OF THE INVENTION

The present invention relates to the technical field of solid
state lighting devices including nanoparticles, lighting fix-
tures and components including nanoparticles, and methods.

SUMMARY OF THE INVENTION

The present invention relates to a solid state lighting device
including a light source and an optical component that is
positioned to receive at least a portion of light emitted from
the light source, such that the optical component converts a
portion of the light received by the optical component to one
or more predetermined wavelengths to alter at least one char-
acteristic of light output emitted from the device. The present
invention also relates to lighting fixtures and components
including an optical material to convert at least a portion of
light emitted from a light source. The present invention also
relates to methods for improving the lumens per watt effi-
ciency of a solid state lighting device.

In accordance with one aspect of the present invention,
there is provided a solid state lighting device comprising a
light source capable of emitting white light including a blue
spectral component and having a deficiency in a spectral
region, and an optical component that is positioned to receive
at least a portion of the light generated by the light source, the
optical component comprising an optical material for con-
verting at least a portion of the blue spectral component of the
light to one or more predetermined wavelengths such that
light emitted by the solid state lighting device includes light
emission from the light source supplemented with light emis-
sion at one or more predetermined wavelengths, wherein the
optical material comprises quantum confined semiconductor
nanoparticles.

In certain preferred embodiments, the predetermined
wavelength is selected to meet or compensate for the defi-
ciency, in the spectral region of the light source. In certain
embodiments, for example, where the light source emits
white light with a spectral deficiency in the red spectral
region, the predetermined wavelength can be in a range from
about 575 nm to about 650 nm, from about 580 nm to about
630 nm, from about 590 nm to about 630 nm, from about 590
nm to about 630 nm, or from about 600 nm to about 620 nm.
In certain embodiments, the wavelength is about 616 nm.

In certain embodiments, for example, where the light
source has a spectral deficiency in the cyan spectral region,
the predetermined wavelength can be in a range from about
450 nm to about 500 nm.

In certain embodiments, for example, where the light
source emits white light with one or more spectral deficien-
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cies, the optical component can comprise an optical material
including one or more different types of quantum confined
semiconductor nanoparticles (based on composition, struc-
ture and/or size), wherein each different type of quantum
confined semiconductor nanoparticle can convert a portion of
the blue spectral component of the light to a predetermined
wavelength that is different from the predetermined wave-
length emitted by at least one of any other type of quantum
confined semiconductor nanoparticles included in the optical
material.

In embodiments including two or more different types of
quantum confined semiconductor nanoparticles that emit at
different predetermined wavelengths, the different types of
quantum confined semiconductor nanoparticles can be
included in one or more different optical materials. In certain
embodiments, different types of quantum confined semicon-
ductor nanocrystals can be included in separate optical mate-
rials.

In certain embodiments including two or more different
optical materials, such different optical materials can, for
example, be included as separate layers of a layered arrange-
ment and/or as separate features of a patterned layer.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in two or more different optical components in a
stacked arrangement. In such embodiments, each optical
component can include one or more optical materials as
described above.

In embodiments including two or more different types of
quantum confined semiconductor nanoparticles that emit at
different predetermined wavelengths, light emitted by the
solid state lighting device includes light emission that is
supplemented with light emission at such two or more differ-
ent predetermined wavelengths. In such case, the two or more
different predetermined wavelengths are selected to meet or
compensate for one or more of the spectral deficiencies of the
light source.

In certain embodiments, compensation of one or more
spectral deficiencies of the light source by the optical com-
ponent can also increase the General Color Rendering Index
(R,) of light output from the light source. For example, in
certain embodiments, the optical component can increase the
General Color Rendering Index (R ) of light output from the
light source by at least 10%. In certain embodiments, the
General Color Rendering Index (R ) is increased to a prede-
termined General Color Rendering Index (R,).

In certain embodiments, compensation of one or more
spectral deficiencies of the light source by the optical com-
ponent can alter the correlated color temperature (CCT) of
light output from the light source. In certain embodiments,
the optical component can lower the correlated color tem-
perature of light output from the light source by, for example,
at least about 1000K; at least about 2000K, at least 3000K,, at
least 4000K, etc.

In certain preferred embodiments, the lumens per watt
efficiency of the light source is not substantially affected by
alteration of the CCT through use of the optical component.

In certain embodiments, the CCT is altered to a predeter-
mined CCT.

In certain preferred embodiments, quantum confined semi-
conductor nanoparticles comprise semiconductor nanocrys-
tals.

In certain embodiments, the quantum confined semicon-
ductor nanoparticles have a solid state quantum efficiency of
at least 40%. In certain embodiments, the quantum confined
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semiconductor nanoparticles have a solid state quantum effi-
ciency of at least 50%. In certain embodiments, the quantum
confined semiconductor nanoparticles have a solid state
quantum efficiency of at least 60%.

In certain embodiments, the quantum confined semicon-
ductor nanoparticles maintain at least 40% efficiency during
operation of the solid state light emitting device.

In certain preferred embodiments, the optical material
comprises quantum confined semiconductor nanoparticles
capable of emitting red light.

In certain embodiments, for example, the light emitted by
the light source has a General Color Rendering Index (R,)
less than 80. In certain embodiments, the light emitted by the
solid state lighting device has a General Color Rendering
Index (R,,) greater than 80. In certain embodiments, the light
emitted by the solid state lighting device has a General Color
Rendering Index (R,) greater than 85. In certain embodi-
ments, the light emitted by the solid state lighting device has
a General Color Rendering Index (R,) greater than 90. In
certain embodiments, the light emitted by the solid state
lighting device has a General Color Rendering Index (R,)
greater than 95. In certain embodiments, the General Color
Rendering Index (R,) of the light emitted by the solid state
lighting device is at least 10% higher than the General Color
Rendering Index (R ) of the light emitted by the light source.

In certain embodiments, light emitted from the solid state
lighting device has a correlated color temperature that is at
least about 1000K less than that of light emitted from the light
source.

In certain embodiments, light emitted from the solid state
lighting device has a correlated color temperature that is at
least about 2000K less than that of light emitted from the light
source.

In certain embodiments, light emitted from the solid state
lighting device has a correlated color temperature that is at
least about 3000K less than that of light emitted from the light
source.

In certain embodiments, light emitted from the solid state
lighting device has a correlated color temperature that is at
least about 4000K less than that of light emitted from the light
source.

In certain embodiments, the solid state lighting device
maintains greater than 70% of the light source lumens per
watt efficiency. In certain embodiments, the solid state light-
ing device maintains greater than 80% of the light source
lumens per watt efficiency. In certain embodiments, the solid
state lighting device maintains greater than 90% of the light
source lumens per watt efficiency. In certain embodiments,
the solid state lighting device maintains greater than 100% of
the light source lumens per watt efficiency. In certain embodi-
ments, the solid state lighting device maintains greater than
110% of the light source lumens per watt efficiency.

In certain embodiments, the lumens per watt efficiency of
the solid state lighting device does not substantially vary as a
function of the color temperature of the solid state lighting
device.

In certain embodiments, the optical material further com-
prises a host material in which the quantum confined semi-
conductor nanoparticles are distributed. In certain embodi-
ments, quantum confined semiconductor nanoparticles are
included in the optical material in an amount in a range from
about 0.001 to about 5 weight percent of the weight of the host
material. In certain embodiments, quantum confined semi-
conductor nanoparticles are included in the optical material in
an amount in a range from about 0.5 to about 3 weight percent
of the weight of the host material. In certain embodiments,
quantum confined semiconductor nanoparticles are included
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in the optical material in an amount in a range from about 1 to
about 3 weight percent of the weight of the host material. In
certain embodiments, quantum confined semiconductor
nanoparticles are included in the optical material in an
amount in a range from about 1 to about 2 weight percent of
the weight of the host material.

In certain embodiments, the optical material further com-
prises light scatterers. In certain embodiments, the light scat-
terers comprise light scattering particles. In certain embodi-
ments, light scattering particles are included in the optical
material in an amount in a range from about 0.001 to about 5
weight percent of the weight of the host material. In certain
embodiments, light scattering particles are included in the
optical material in an amount in a range from about 0.5 to
about 3 weight percent of the weight of the host material. In
certain embodiments, light scattering particles are included in
the optical material in an amount in a range from about 1 to
about 3 weight percent of the weight of the host material. In
certain embodiments, light scattering particles are included in
the optical material in an amount in a range from about 1 to
about 2 weight percent of the weight of the host material.

In certain embodiments, an optical component further
includes a support element. Preferably, the support element is
optically transparent to light emitted from the light source and
to light emitted from the nanoparticles.

In certain embodiments, the support element can include
other optional layers.

In certain embodiments, the support element can include
other optional features.

In certain embodiments, the optical material is at least
partially encapsulated.

In certain embodiments, the optical material is fully encap-
sulated.

In certain embodiments, an optical component including a
support element can serve as a cover plate for the solid state
lighting device.

In certain embodiments, the support element comprises a
light diffuser component of the solid state lighting device.

In certain embodiments, the support element is rigid.

In certain embodiments, the support element is flexible.

In certain embodiments, the optical material comprising
quantum confined semiconductor nanoparticles is disposed
over a surface of a support element. Preferably, the optical
material is disposed over a major surface of the support ele-
ment. Preferably, the optical material is disposed over a sur-
face of the support element facing the light source.

In certain embodiments, the optical material is disposed as
one or more layers over a predetermined area of a surface of
the support element.

In certain embodiments, the layer comprises an optical
material that further includes a host material in which the
quantum confined semiconductor nanoparticles are distrib-
uted. In certain embodiments, the layer includes from about
0.001 to about 5 weight percent quantum confined semicon-
ductor nanoparticles based on the weight of the host material.
In certain embodiments, the layer further comprises light
scatterers. In certain embodiments, light scatterers are
included in the layer in an amount in the range from about
0.001 to about 5 weight percent of the weight of the host
material.

In certain embodiments, a layer including optical material
including a host material has a thickness, for example, from
about 0.1 micron to about 1 cm. In certain embodiments, a
layer including optical material including a host material has
a thickness from about 0.1 to about 200 microns. In certain
embodiments, a layer including optical material including a
host material has a thickness from about 10 to about 200
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microns. In certain embodiments, a layer including optical
material including a host material has a thickness from about
30 to about 80 microns.

In certain preferred embodiments, the optical material is
not in direct contact with the light source.

In certain preferred embodiments, the optical component is
not in direct contact with the light source.

In certain preferred embodiments, the temperature at the
location of the nanoparticles in the solid state light emitting
device during operation is 90° C. or less.

In certain preferred embodiments, the temperature at the
location of the nanoparticles in the solid state light emitting
device during operation is 75° C. or less.

In certain preferred embodiments, the temperature at the
location of the nanoparticles in the solid state light emitting
device during operation is 60° C. or less.

In certain preferred embodiments, the temperature at the
location of the nanoparticles in the solid state light emitting
device during operation is 50° C. or less.

In certain preferred embodiments, the temperature at the
location of the nanoparticles in the solid state light emitting
device during operation is 40° C. or less.

In certain more preferred embodiments, the temperature at
the location of the nanoparticles in the solid state light emit-
ting device during operation is in a range from about 30° C. to
about 60° C.

In certain embodiments, the light source comprises a white
light emitting device. (A light emitting device is also referred
to herein as an “LLED”).

In certain preferred embodiments, the white light emitting
LED comprises a blue light emitting semiconductor LED
including a phosphor material for converting the blue LED
light output to white light. In certain embodiments, optical
material can comprise quantum confined semiconductor
nanoparticles capable of emitting light in the orange to red
spectral (e.g., from about 575 nm to about 650 nm) region. In
certain embodiments, optical material can comprise quantum
confined semiconductor nanoparticles capable of emitting
light in the red spectral region. In certain embodiments, opti-
cal material can comprise quantum confined semiconductor
nanoparticles capable of emitting light in the orange spectral
region. In certain embodiments, optical material can com-
prise quantum confined semiconductor nanoparticles capable
of emitting light in the cyan spectral region. In certain
embodiments, optical material can comprise quantum con-
fined semiconductor nanoparticles capable of emitting light
in one or more other spectral regions in which the light source
has a deficiency.

In certain embodiments, the white light emitting LED com-
prises a UV light emitting semiconductor LED including a
phosphor material for converting the UV LED light output to
white light. In certain embodiments, optical material can
comprise quantum confined semiconductor nanoparticles
capable of emitting light in the orange to red spectral (e.g.,
from about 575 nm to about 650 nm) region. In certain
embodiments, optical material can comprise quantum con-
fined semiconductor nanoparticles capable of emitting light
in the red spectral region. In certain embodiments, optical
material can comprise quantum confined semiconductor
nanoparticles capable of emitting light in the cyan spectral
region. In certain embodiments, optical material can com-
prise quantum confined semiconductor nanoparticles capable
of emitting light in the orange spectral region. In certain
embodiments, optical material can comprise quantum con-
fined semiconductor nanoparticles capable of emitting light
in one or more other spectral regions in which the light source
has a deficiency.
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In certain embodiments, a solid state lighting device com-
prises a light source comprising an LED capable of emitting
white light including emission in the blue spectral region and
having a deficiency in the red spectral region; and an optical
component that is positioned to receive light emitted by the
LED, the optical component comprising an optical material
for converting at least a portion of the emission in the blue
spectral region to light in the red spectral region with a wave-
length in a range from about 600 nm to about 620 nm such that
light emitted by the solid state lighting device includes white
light emission from the LED light source supplemented with
light emission in the red spectral region, wherein the optical
material comprises quantum confined semiconductor nano-
particles.

In certain embodiments, a solid state lighting device com-
prises a light source comprising an LED capable of emitting
white light including emission in the blue spectral region and
having a deficiency in the orange to red spectral region; and an
optical component that is positioned to receive light emitted
by the LED, the optical component comprising an optical
material for converting at least a portion of the emission in the
blue spectral region to light in the spectral region from about
575 nm to about 650 nm such that light emitted by the solid
state lighting device includes white light emission from the
LED light source supplemented with light emission in the
spectral region from about 575 nm to about 650 nm, wherein
the optical material comprises quantum confined semicon-
ductor nanoparticles. In certain embodiments, for example,
the optical material can convert at least a portion of the blue
spectral emission to light in the spectral region from about
575 nm to about 650 nm, from about 580 to about 630 nm,
from about 590 nm to about 630 nm, from about 600 nm to
about 620 nm, etc. In certain embodiments, the wavelength
can be about 616 nm.

In certain embodiments, at least 10% of the emission in the
blue spectral region is converted by the quantum confined
semiconductor nanoparticles.

In certain embodiments, at least 30% of the emission in the
blue spectral region is converted by the quantum confined
semiconductor nanoparticles.

In certain embodiments, at least 60% of the emission in the
blue spectral region is converted by the quantum confined
semiconductor nanoparticles.

In certain embodiments, at least 90% of the emission in the
blue spectral region is converted by the quantum confined
semiconductor nanoparticles.

In certain embodiments, from about 50% to about 75% of
the emission in the blue spectral region is converted by the
quantum confined semiconductor nanoparticles.

In certain embodiments, quantum confined semiconductor
nanoparticles included in an optical material are cadmium
free.

In certain embodiments, quantum confined semiconductor
nanoparticles included in an optical material comprise a I[11-V
semiconductor material.

In certain embodiments, quantum confined semiconductor
nanoparticles included in an optical material comprise a
semiconductor nanocrystal including a core comprising a
semiconductor material and an inorganic shell disposed on at
least a portion of a surface of the core.

In accordance with another aspect of the present invention,
there is provided an endoscopy light source comprising a
solid state lighting device taught herein.

In accordance with another aspect of the present invention,
there is provided an endoscopy light source comprising an
optical component taught herein.
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In accordance with another aspect of the present invention,
there is provided an optical component useful with a light
source that emits white light including a blue spectral com-
ponent and at least one spectral deficiency in another region
of'the spectrum, the optical component comprising an optical
material for converting at least a portion of the blue spectral
component of light output from the light source to one or
more different predetermined wavelengths, wherein the opti-
cal material comprises quantum confined semiconductor
nanoparticles.

In certain preferred embodiments, the predetermined
wavelength is selected to meet or compensate for at least one
of'the spectral deficiencies of the light source, for example, by
supplementing the light output of the light source in at least
one of the spectral deficiency regions.

In certain embodiments, for example, where the light
source emits white light with a spectral deficiency in the red
spectral region, the predetermined wavelength can be in a
range from about 575 nm to about 650 nm, from about 580 nm
to about 630 nm, from about 590 nm to about 630 nm, from
about 600 nm to 620 nm, etc. In certain preferred embodi-
ments, the wavelength is about 616 nm.

In certain more preferred embodiments, the optical mate-
rial includes one or more different types of quantum confined
semiconductor nanoparticles wherein the different types can
emit at one or more different predetermined wavelengths to
compensate for one or more spectral deficiencies of the light
output from the light source.

In certain embodiments, for example, where the light
source emits white light with a spectral deficiency in the cyan
spectral region, the predetermined wavelength can be in a
range from about 450 nm to about 500 nm.

In certain embodiments, the optical component includes an
optical material comprising one or more different types of
quantum confined semiconductor nanoparticles (based on
composition, structure and/or size), wherein each different
type of quantum confined semiconductor nanoparticles emits
light at predetermined wavelength that can be the same or
different from the predetermined wavelength emitted any
other type of quantum confined semiconductor nanoparticles
included in the optical material, and wherein one or more
different predetermined wavelengths are selected such that
the optical material will compensate for one or more spectral
deficiencies of the intended light source. In certain embodi-
ments including two or more different types of quantum
confined semiconductor nanoparticles, at least two of the
types are capable of emitting light at a predetermined wave-
length that is different from that emitted by other types of
quantum confined semiconductor nanoparticles that may be
included in the optical component.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in one or more different optical materials.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in two or more different optical materials.

In certain embodiments including two or more different
optical materials, such different optical materials can, for
example, be included as separate layers of a layered arrange-
ment and/or as separate features of a patterned layer.

In certain embodiments, compensation of one or more
spectral deficiencies of the light source by the optical com-
ponent can also increase the General Color Rendering Index
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(R,) of light output from the light source. For example, in
certain embodiments, the optical component can increase the
General Color Rendering Index (R ) of light output from the
light source by at least 10%. In certain embodiments, the
General Color Rendering Index (R ) is increased to a prede-
termined General Color Rendering Index (R,).

In certain embodiments, compensation of one or more
spectral deficiencies of the light source by the optical com-
ponent can alter the correlated color temperature (CCT) of
light output from the light source. In certain embodiments,
the optical component can lower the correlated color tem-
perature of light output from the light source by, for example,
at least about 1000K; at least about 2000K, at least 3000K,, at
least 4000K, etc.

In certain embodiments, the lumens per watt efficiency of
the light source is not substantially affected by alteration of
the CCT through use of the optical component.

In certain embodiments, the CCT is altered to a predeter-
mined CCT.

In certain preferred embodiments, quantum confined semi-
conductor nanoparticles comprise semiconductor nanocrys-
tals.

In certain embodiments, the quantum confined semicon-
ductor nanoparticles have a solid state quantum efficiency of
at least 40%. In certain embodiments, the quantum confined
semiconductor nanoparticles have a solid state quantum effi-
ciency of at least 50%. In certain embodiments, the quantum
confined semiconductor nanoparticles have a solid state
quantum efficiency of at least 60%.

In certain embodiments, the quantum confined semicon-
ductor nanoparticles maintain at least 40% efficiency during
use of the optical component.

In certain preferred embodiments, the optical material
comprises quantum confined semiconductor nanoparticles
capable of emitting red light. In other certain preferred
embodiments, the optical material comprises quantum con-
fined semiconductor nanoparticles capable of emitting light
in the orange to red spectral region.

In certain embodiments, the optical material further com-
prises a host material in which the quantum confined semi-
conductor nanoparticles are distributed. In certain embodi-
ments, quantum confined semiconductor nanoparticles are
included in the optical material in an amount in a range from
about 0.001 to about 5 weight percent of the weight of the host
material. In certain embodiments, quantum confined semi-
conductor nanoparticles are included in the optical material in
an amount in a range from about 0.5 to about 3 weight percent
of the weight of the host material. In certain embodiments,
quantum confined semiconductor nanoparticles are included
in the optical material in an amount in a range from about 1 to
about 3 weight percent of the weight of the host material. In
certain embodiments, quantum confined semiconductor
nanoparticles are included in the optical material in an
amount in a range from about 1 to about 2 weight percent of
the weight of the host material.

In certain embodiments, the optical material further com-
prises light scatterers.

In certain embodiments, the light scatterers comprise light
scattering particles. In certain embodiments, light scattering
particles are included in the optical material in an amount in
a range from about 0.001 to about 5 weight percent of the
weight of the host material. In certain embodiments, light
scattering particles are included in the optical material in an
amount in a range from about 0.5 to about 3 weight percent of
the weight of the host material. In certain embodiments, light
scattering particles are included in the optical material in an
amount in a range from about 1 to about 3 weight percent of
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the weight of the host material. In certain embodiments, light
scattering particles are included in the optical material in an
amount in a range from about 1 to about 2 weight percent of
the weight of the host material.

In certain embodiments, an optical component further
includes a support element. Preferably, the support element is
optically transparent to light emitted from the light source and
to light emitted from the nanoparticles.

In certain embodiments, an optical component including a
support element can serve as a cover plate for the solid state
lighting device.

In certain embodiments, the support element comprises a
light diffuser component of the solid state lighting device.

In certain embodiments, the support element is rigid.

In certain embodiments, the support element is flexible.

In certain embodiments, the optical material comprising
quantum confined semiconductor nanoparticles is disposed
over a surface of a support element. Preferably, the optical
material is disposed over a surface of the support element
facing the light source.

In certain embodiments, the optical material is disposed as
one or more layers over a predetermined area of the surface of
the support element.

In certain embodiments, the layer comprises an optical
material that further includes a host material in which the
quantum confined semiconductor nanoparticles are distrib-
uted. In certain embodiments, the layer includes from about
0.001 to about 5 weight percent quantum confined semicon-
ductor nanoparticles based on the weight of the host material.
In certain embodiments, the layer further comprises light
scatterers. In certain embodiments, light scatterers are
included in the layer in an amount in the range from about
0.001 to about 5 weight percent of the weight of the host
material.

In certain embodiments, a layer including optical material
including a host material has a thickness, for example, from
about 0.1 micron to about 1 cm. In certain embodiments, a
layer including optical material including a host material has
a thickness from about 0.1 to about 200 microns. In certain
embodiments, a layer including optical material including a
host material has a thickness from about 10 to about 200
microns. In certain embodiments, a layer including optical
material including a host material has a thickness from about
30 to about 80 microns.

In certain embodiments, the optical component can convert
at least 10% of the emission in the blue spectral region to one
or more predetermined wavelengths.

In certain embodiments, the optical component can convert
at least 30% of the emission in the blue spectral region to one
or more predetermined wavelengths.

In certain embodiments, the optical component can convert
at least 60% of the emission in the blue spectral region to one
or more predetermined wavelengths.

In certain embodiments, the optical component can convert
at least 90% of the emission in the blue spectral region to one
or more predetermined wavelengths.

In certain embodiments, the optical component can convert
from about 50% to about 75% of the emission in the blue
spectral region to one or more predetermined wavelengths.

In certain embodiments, quantum confined semiconductor
nanoparticles included in an optical material are cadmium
free.

In certain embodiments, quantum confined semiconductor
nanoparticles included in an optical material comprise a [1I-V
semiconductor material.

In certain embodiments, quantum confined semiconductor
nanoparticles included in an optical material comprise a
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semiconductor nanocrystal including a core comprising a
semiconductor material and an inorganic shell disposed on at
least a portion of a surface of the core.

In certain embodiments, the optical material is at least
partially encapsulated.

In certain embodiments, the optical material is fully encap-
sulated.

In accordance with another aspect of the present invention,
there is provided a lighting fixture adapted to receive a solid
state semiconductor light emitting device, wherein the fixture
includes an optical component that is positioned in the fixture
relative to the position for the light source such that at least a
portion of the light generated by the light source passes into
the optical component before being emitted from the fixture,
wherein the optical component comprises an optical material
capable of converting light having a first predetermined
wavelength into light having a one or more different prede-
termined wavelengths in order to supplement the spectrum of
the light emitted from the light source, and wherein the opti-
cal component comprises an optical material comprising
quantum confined semiconductor nanoparticles.

In certain embodiments, the optical component is capable
of converting a first predetermined wavelength in the blue
spectral region into one or more different predetermined
wavelengths in one or more spectral regions in which the light
source has a deficiency.

In certain embodiments, for example, the optical compo-
nent is capable of converting a first predetermined wave-
length in the blue spectral region into one or more different
predetermined wavelengths in the orange to red spectral
region. In certain embodiments, the optical component is
capable of converting a first predetermined wavelength in the
blue spectral region into one or more different predetermined
wavelengths in the red spectral region. In certain embodi-
ments, the optical component is capable of converting a first
predetermined wavelength in the blue spectral region into one
or more different predetermined wavelengths in the cyan
spectral region. In certain embodiments, the optical compo-
nent is capable of converting a first predetermined wave-
length in the blue spectral region into one or more different
predetermined wavelengths in the red spectral region and one
or more different predetermined wavelengths in the orange
spectral region. In certain embodiments, for example, where
a first predetermined wavelength is to be converted into more
one or more different predetermined wavelengths, the optical
material comprises one or more different types of quantum
confined semiconductor nanoparticles (based on composi-
tion, structure and/or size), wherein each different type of
quantum confined semiconductor nanoparticle can convert a
portion of the first predetermined wavelength to one or more
different predetermined wavelengths. In such case, one or
more different predetermined wavelengths are selected to
meet or compensate for one or more of the spectral deficien-
cies of the light source for which the cover plate in intended
for use.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in one or more different optical materials.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in two or more different optical materials.

In certain embodiments including two or more different
optical materials, such different optical materials can, for
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example, be included as separate layers of a layered arrange-
ment and/or as separate features of a patterned layer.

In certain embodiments, the optical material further com-
prises a host material in which the nanoparticles are distrib-
uted. In certain preferred embodiments the host material is a
solid host material.

In certain embodiments, the optical material further
includes light scatterers distributed in the material.

In certain embodiments, an optical component further
includes a support element. Preferably, the support element is
optically transparent to light emitted from the light source and
to light emitted from the nanoparticles.

In certain embodiments, an optical component including a
support element can serve as a cover plate for the lighting
fixture.

In certain embodiments, the support element comprises a
light diffuser component of the lighting fixture.

In certain embodiments, the support element is rigid.

In certain embodiments, the support element is flexible.

In certain embodiments, the lighting fixture includes an
optical material described herein.

In certain embodiments, the lighting fixture includes an
optical component taught herein.

In accordance with a further aspect of the present inven-
tion, there is provided a cover plate adapted for attachment to
alighting fixture for a solid state semiconductor light emitting
device, the cover plate comprising an optically transparent
base plate having an inner surface and an outer surface and a
predetermined shape based on the design of the lighting fix-
ture, an optical material disposed on a major surface of the
base plate, and means for attaching the cover plate to the
lighting fixture, wherein the optical material comprises quan-
tum confined semiconductor nanoparticles capable of con-
verting light having a first predetermined wavelength into one
or more different predetermined wavelengths in order to
supplement the spectrum of the light passing therethrough.

In certain embodiments, for example, where a first prede-
termined wavelength is to be converted into more one or more
different predetermined wavelengths, the optical material
comprises one or more different types of quantum confined
semiconductor nanoparticles (based on composition, struc-
ture and/or size), wherein each different type of quantum
confined semiconductor nanoparticle can convert a portion of
the first predetermined wavelength to one or more different
predetermined wavelengths. In such case, one or more differ-
ent predetermined wavelengths are selected to meet or com-
pensate for one or more of the spectral deficiencies of the light
source for which the cover plate in intended for use.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in one or more different optical materials.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in two or more different optical materials.

In certain embodiments including two or more different
optical materials, such different optical materials can, for
example, be included as separate layers of a layered arrange-
ment and/or as separate features of a patterned layer.

In certain embodiments, optical material includes quantum
confined semiconductor nanoparticles that are capable of
converting a first predetermined wavelength in the blue spec-
tral region and into one or more different predetermined
wavelength in the red spectral region. In certain embodi-
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ments, the optical component is capable of converting a first
predetermined wavelength in the blue spectral region into one
or more different predetermined wavelengths in the orange to
red spectral region. In certain embodiments, the optical com-
ponent is capable of converting a first predetermined wave-
length in the blue spectral region into one or more different
predetermined wavelengths in the red spectral region. In cer-
tain embodiments, the optical component is capable of con-
verting a first predetermined wavelength in the blue spectral
region into one or more different predetermined wavelengths
in the cyan spectral region. In certain embodiments, the opti-
cal component is capable of converting a first predetermined
wavelength in the blue spectral region into one or more dif-
ferent predetermined wavelengths in the orange spectral
region. In certain embodiments, the optical component is
capable of converting a first predetermined wavelength in the
blue spectral region into one or more predetermined wave-
lengths in the red spectral region and one or more different
predetermined wavelengths in the orange spectral region. In
certain embodiments, optical material comprises quantum
confined semiconductor nanoparticles capable of emitting
light in one or more other spectral regions in which the light
source has a deficiency.

In certain embodiments, the optical material further com-
prises a host material in which the nanoparticles are distrib-
uted. In certain preferred embodiments the host material is a
solid host material.

In certain embodiments, the optical material further
includes light scattering particles distributed in the host mate-
rial.

In certain embodiments, the optical material is at least
partially encapsulated.

In certain embodiments, the optical material is fully encap-
sulated.

In certain embodiments, a cover plate comprises an optical
material described herein.

In certain embodiments, a cover plate comprises an optical
component taught herein.

In accordance with a further aspect of the present inven-
tion, there is provided a cover plate adapted for attachment to
a solid state semiconductor light emitting device, the cover
plate comprising an optically transparent base plate having an
inner surface and an outer surface and a predetermined shape
based on the design of the lighting device, an optical material
disposed on a major surface of the base plate, and means for
attaching the cover plate to the lighting device (preferably the
lighting emitting face of the device), wherein the optical
material comprises quantum confined semiconductor nano-
particles capable of converting light having a first predeter-
mined wavelength into one or more different predetermined
wavelengths in order to supplement the spectrum of the light
passing therethrough.

In certain embodiments, for example, where a first prede-
termined wavelength is to be converted into more one or more
different predetermined wavelengths, the optical material
comprises one or more different types of quantum confined
semiconductor nanoparticles (based on composition, struc-
ture and/or size), wherein each different type of quantum
confined semiconductor nanoparticles can convert a portion
of'the first predetermined wavelength to one or more different
predetermined wavelengths. In such case, one or more differ-
ent predetermined wavelengths are selected to meet or com-
pensate for one or more of the spectral deficiencies of the light
source for which the cover plate in intended for use.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
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types of quantum confined semiconductor nanoparticles can
be included in one or more different optical materials.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in two or more different optical materials.

In certain embodiments including two or more different
optical materials, such different optical materials can, for
example, be included as separate layers of a layered arrange-
ment and/or as separate features of a patterned layer.

In certain embodiments, optical material includes quantum
confined semiconductor nanoparticles that are capable of
converting a first predetermined wavelength in the blue spec-
tral region and into one or more different predetermined
wavelength in the red spectral region. In certain embodi-
ments, the optical component is capable of converting a first
predetermined wavelength in the blue spectral region into one
or more different predetermined wavelengths in the orange to
red spectral region. In certain embodiments, the optical com-
ponent is capable of converting a first predetermined wave-
length in the blue spectral region into one or more different
predetermined wavelengths in the red spectral region. In cer-
tain embodiments, the optical component is capable of con-
verting a first predetermined wavelength in the blue spectral
region into one or more different predetermined wavelengths
in the cyan spectral region. In certain embodiments, the opti-
cal component is capable of converting a first predetermined
wavelength in the blue spectral region into one or more dif-
ferent predetermined wavelengths in the orange spectral
region. In certain embodiments, the optical component is
capable of converting a first predetermined wavelength in the
blue spectral region into one or more predetermined wave-
lengths in the red spectral region and one or more different
predetermined wavelengths in the orange spectral region. In
certain embodiments, optical material comprises quantum
confined semiconductor nanoparticles capable of emitting
light in one or more other spectral regions in which the light
source has a deficiency.

In certain embodiments, the optical material further com-
prises a host material in which the nanoparticles are distrib-
uted. In certain preferred embodiments the host material is a
solid host material.

In certain embodiments, the optical material further
includes light scattering particles distributed in the host mate-
rial.

In certain embodiments, the optical material is at least
partially encapsulated.

In certain embodiments, the optical material is fully encap-
sulated.

In certain embodiments, a cover plate comprises an optical
material described herein.

In certain embodiments, a cover plate comprises an optical
component taught herein.

In accordance with yet a further aspect of the present inven-
tion, there is provided a method for improving the lumens per
watt efficiency of a white light emitting solid state semicon-
ductor light emitting device having a spectral output includ-
ing emissions in the blue and yellow spectral regions, the
method comprising passing at least a portion of the blue
emission into an optical material to convert at least a portion
of the blue spectral emission into one or more emissions in a
range from about 575 to about 650 nm, the optical material
comprising quantum confined semiconductor nanoparticles.

In certain embodiments, for example, the optical material
can convert at least a portion of the blue spectral emission into
one or more emissions in a range from about 580 nm to about
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630 nm, from about 590 nm to about 630 nm, from about 600
nm to about 620 nm, etc. In certain embodiments, the wave-
length can be about 616 nm.

In certain embodiments, one or more different types of
quantum confined semiconductor nanoparticles that emit at
different predetermined wavelengths can be included in one
or more different optical materials.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in two or more different optical materials.

In certain embodiments, the method can include an optical
material described herein.

In certain embodiments, the method can include an optical
component taught herein.

In certain embodiments, including two or more different
optical materials, such different optical materials can, for
example, be included as separate layers of a layered arrange-
ment and/or as separate features of a patterned layer.

Inaccordance with yet a further aspect of the present inven-
tion, there is provided a method for improving the lumens per
watt efficiency of a white light emitting solid state semicon-
ductor light emitting device having a spectral output includ-
ing emissions in the blue and yellow spectral regions, the
method comprising passing at least a portion of the blue
emission into an optical material to convert at least a portion
of the blue spectral emission into one or more emissions in a
range from about 450 nm to about 500 nm, the optical mate-
rial comprising quantum confined semiconductor nanopar-
ticles.

In certain embodiments, the method can include an optical
material described herein.

In certain embodiments, the method can include an optical
component taught herein.

The foregoing, and other aspects and embodiments
described herein all constitute embodiments of the present
invention.

As used herein, “encapsulation” refers to protection
against a particular element or compound, for example, oxy-
gen and/or water. In certain embodiments, encapsulation can
be complete (also referred to herein as full encapsulation). In
certain embodiments, encapsulation can be less than com-
plete (also referred to herein as partial encapsulation).

Additional information concerning quantum confined
semiconductor nanoparticles, light scatterers, host materials,
support elements, other features and elements of the forego-
ing, and other information useful with the present inventions
is provided below.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only and are not restrictive of the inven-
tion as claimed. Other embodiments will be apparent to those
skilled in the art from consideration of the specification and
practice of the invention disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings,

FIG. 1 is a schematic cross section of an example of an
embodiment of a solid state lighting device of the invention.

FIG. 2 is a schematic cross section of an example of an
arrangement of a light source and an example of an embodi-
ment of an optical component in accordance with the inven-
tion.

DETAILED DESCRIPTION OF THE INVENTION

Various aspects and embodiments of the present inventions
will be further described in the following detailed description.
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Quantum confined semiconductor nanoparticles can con-
fine electrons and holes and have a photoluminescent prop-
erty to absorb light and re-emit different wavelength light.
Color characteristics of emitted light from quantum confined
semiconductor nanoparticles depend on the size of the quan-
tum confined semiconductor nanoparticles and the chemical
composition of the quantum confined semiconductor nano-
particles.

Quantum confined semiconductor nanoparticles include at
least one type of quantum confined semiconductor nanopar-
ticle with respect to chemical composition, structure, and
size. The type(s) of quantum confined semiconductor nano-
particles included in an optical component in accordance with
the invention are determined by the wavelength of light to be
converted and the wavelengths of the desired light output. As
discussed herein, quantum confined semiconductor nanopar-
ticles may or may not include a shell and/or a ligand on a
surface thereof. In certain embodiments, a shell and/or ligand
can passivate quantum confined semiconductor nanoparticles
to prevent agglomeration or aggregation to overcome the Van
der Waals binding force between the nanoparticles. In certain
embodiments, the ligand can comprise a material having an
affinity for any host material in which a quantum confined
semiconductor nanoparticle may be included. As discussed
herein, in certain embodiments, a shell comprises an inor-
ganic shell.

In certain embodiments, one or more different types of
quantum confined semiconductor nanoparticles (based on
composition, structure and/or size) may be included in a host
material, wherein each type is selected to obtain light having
a predetermined color.

In accordance with one aspect of the present invention,
there is provided a solid state lighting device comprising a
light source capable of emitting white light including a blue
spectral component and having a deficiency in a spectral
region, and an optical component that is positioned to receive
at least a portion of the light generated by the light source, the
optical component comprising an optical material for con-
verting at least a portion of the blue spectral component of the
light to one or more predetermined wavelengths such that
light emitted by the solid state lighting device includes light
emission from the light source is supplemented with light
emission at one or more predetermined wavelengths, wherein
the optical material comprises quantum confined semicon-
ductor nanoparticles.

In certain embodiments, for example, wherein the light
source emits white light with more than one spectral defi-
ciency, the optical component can comprise an optical mate-
rial including one or more different types of quantum con-
fined semiconductor nanoparticles (based on composition,
structure and/or size), wherein each different type of quantum
confined semiconductor nanoparticle can convert a portion of
the blue spectral component of the light to a predetermined
wavelength that is different from the predetermined wave-
length emitted by at least one of any other type of quantum
confined semiconductor nanoparticles included in the optical
material.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in one or more different optical materials.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in two or more different optical materials.
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In certain embodiments including two or more different
optical materials, such different optical materials can, for
example, be included as separate layers of a layered arrange-
ment and/or as separate features of a patterned layer.

In other embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in two or more different optical components in a
stacked arrangement. In such embodiments, each optical
component can include one or more optical materials as
described above.

In embodiments including two or more different types of
quantum confined semiconductor nanoparticles that emit at
different predetermined wavelengths, light emitted by the
solid state lighting device includes light emission that is
supplemented with light emission at one or more different
predetermined wavelengths. In such case, the two or more
different predetermined wavelengths are selected to meet or
compensate for one or more of the spectral deficiencies of the
light source. For example, typical white-emitting semicon-
ductor LEDs emit white light with spectral deficiencies, for
example, in the red, orange, and cyan spectral regions of the
spectrum.

In certain embodiments, a solid state lighting device can
include an optical component for adding saturated red light to
the light source light output. This can provide more saturated
red color for the same power input, or equivalent red power
for lower electrical power consumption.

In certain embodiments, a solid state lighting device can
include an optical component for adding light in the orange to
red spectral region (e.g., from about 575 nm to about 650 nm)
to the light source output.

In certain embodiments, a solid state lighting device can
add cyan light to the light source light output.

In certain embodiments, compensation of one or more
spectral deficiencies of the light source by the optical com-
ponent can also increase the General Color Rendering Index
(R,) of light output from the light source. For example, in
certain embodiments, the optical component can increase the
General Color Rendering Index (R ) of light output from the
light source by at least 10%. In certain embodiments, the
General Color Rendering Index (R ) is increased to a prede-
termined General Color Rendering Index (R,).

In certain embodiments, compensation of one or more
spectral deficiencies of the light source by the optical com-
ponent can alter the correlated color temperature (CCT) of
light output from the light source. In certain embodiments,
the optical component can lower the correlated color tem-
perature of light output from the light source by, for example,
at least about 1000K; at least about 2000K, at least 3000K,, at
least 4000K, etc.

In certain embodiments, the lumens per watt efficiency of
the light source is not substantially affected by alteration of
the CCT through use of the optical component.

In certain embodiments, the CCT is altered to a predeter-
mined CCT.

In certain embodiments, the CCT is altered to a predeter-
mined CCT.

In certain preferred embodiments, quantum confined semi-
conductor nanoparticles comprise semiconductor nanocrys-
tals.

In certain embodiments, the quantum confined semicon-
ductor nanoparticles have a solid state quantum efficiency of
at least 40%. In certain embodiments, the quantum confined
semiconductor nanoparticles have a solid state quantum effi-
ciency of at least 50%. In certain embodiments, the quantum
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confined semiconductor nanoparticles have a solid state
quantum efficiency of at least 60%.

In certain embodiments, the quantum confined semicon-
ductor nanoparticles maintain at least 40% efficiency during
use of the optical component.

In certain preferred embodiments, the optical material
comprises quantum confined semiconductor nanoparticles
capable of emitting red light. In other certain preferred
embodiments, the optical material comprises quantum con-
fined semiconductor nanoparticles capable of emitting light
in the orange to red spectral region.

In certain embodiments, an optical material comprises
quantum confined semiconductor nanoparticles distributed in
ahost material. Preferably, the host material comprises a solid
host material. Examples of a host material useful in various
embodiments and aspect of the inventions described herein
include polymers, monomers, resins, binders, glasses, metal
oxides, and other nonpolymeric materials. Preferred host
materials include polymeric and non-polymeric materials
that are at least partially transparent, and preferably fully
transparent, to preselected wavelengths of light. In certain
embodiments, the preselected wavelengths can include wave-
lengths of light in the visible (e.g., 400-700 nm) region of the
electromagnetic spectrum. Preferred host materials include
cross-linked polymers and solvent-cast polymers. Examples
of preferred host materials include, but are not limited to,
glass or a transparent resin. In particular, a resin such as a
non-curable resin, heat-curable resin, or photocurable resin is
suitably used from the viewpoint of processability. As spe-
cific examples of such a resin, in the form of either an oligo-
mer or a polymer, a melamine resin, a phenol resin, an alkyl
resin, an epoxy resin, a polyurethane resin, a maleic resin, a
polyamide resin, polymethyl methacrylate, polyacrylate,
polycarbonate, polyvinyl alcohol, polyvinylpyrrolidone,
hydroxyethylcellulose, carboxymethylcellulose, copolymers
containing monomers forming these resins, and the like.
Other suitable host materials can be identified by persons of
ordinary skill in the relevant art.

In certain embodiments and aspects of the inventions con-
templated by this disclosure, a host material comprises a
photocurable resin. A photocurable resin may be a preferred
host material in certain embodiments, e.g., embodiments in
which the composition is to be patterned. As a photocurable
resin, a photo-polymerizable resin such as an acrylic acid or
methacrylic acid based resin containing a reactive vinyl
group, a photo-crosslinkable resin which generally contains a
photo-sensitizer, such as polyvinyl cinnamate, benzophe-
none, or the like may be used. A heat-curable resin may be
used when the photo-sensitizer is not used. These resins may
be used individually or in combination of two or more.

In certain embodiments and aspects of the inventions con-
templated by this disclosure, a host material comprises a
solvent-cast resin. A polymer such as a polyurethane resin, a
maleic resin, a polyamide resin, polymethyl methacrylate,
polyacrylate, polycarbonate, polyvinyl alcohol, polyvi-
nylpyrrolidone, hydroxyethylcellulose, carboxymethylcellu-
lose, copolymers containing monomers forming these resins,
and the like can be dissolved in solvents known to those
skilled in the art. Upon evaporation of the solvent, the resin
forms a solid host material for the semiconductor nanopar-
ticles.

In certain embodiments, light scatterers and/or other addi-
tives (e.g., wetting or leveling agents) can also be included in
optical material.

Examples of light scatterers (also referred to herein as
scatterers or light scattering particles) that can be used in the
embodiments and aspects of the inventions described herein,
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include, without limitation, metal or metal oxide particles, air
bubbles, and glass and polymeric beads (solid or hollow).
Other light scatterers can be readily identified by those of
ordinary skill in the art. In certain embodiments, scatterers
have a spherical shape. Preferred examples of scattering par-
ticles include, but are not limited to, TiO,, SiO,, BaTiO;,
BaSO,, and ZnO. Particles of other materials that are non-
reactive with the host material and that can increase the
absorption pathlength of the excitation light in the host mate-
rial can be used. In certain embodiments, light scatterers may
have a high index of refraction (e.g., TiO,, BaSO,, etc) or a
low index of refraction (gas bubbles).

Selection of the size and size distribution of the scatterers is
readily determinable by those of ordinary skill in the art. The
size and size distribution can be based upon the refractive
index mismatch of the scattering particle and the host material
in which it the light scatterer is to be dispersed, and the
preselected wavelength(s) to be scattered according to Ray-
leigh scattering theory. The surface of the scattering particle
may further be treated to improve dispersability and stability
in the host material. In one embodiment, the scattering par-
ticle comprises TiO, (R902+ from DuPont) of 0.2 um particle
size, in a concentration in a range from about 0.001 to about
5% by weight. In certain preferred embodiments, the concen-
tration range of the scatterers is between 0.1% and 2% by
weight.

In certain embodiments, an optical material including
quantum confined semiconductor nanoparticles and a host
material can be formed from an ink comprising quantum
confined semiconductor nanoparticles and a liquid vehicle,
wherein the liquid vehicle comprises a composition including
one or more functional groups that are capable of being cross-
linked. The functional units can be cross-linked, for example,
by UV treatment, thermal treatment, or another cross-linking
technique readily ascertainable by a person of ordinary skill
in a relevant art. In certain embodiments, the composition
including one or more functional groups that are capable of
being cross-linked can be the liquid vehicle itself. In certain
embodiments, it can be a co-solvent. In certain embodiments,
it can be a component of a mixture with the liquid vehicle. In
certain embodiments, the ink can further include light scat-
terers.

In certain preferred embodiments of the inventions con-
templated by this disclosure, quantum confined semiconduc-
tor nanoparticles (e.g., semiconductor nanocrystals) are dis-
tributed within the host material as individual particles.

In certain embodiments of an optical material further
including a host material, quantum confined semiconductor
nanoparticles included in an optical material in an amount is
from about 0.001 to about 5 weight percent of the host mate-
rial. In certain preferred embodiments, the optical material
includes from about 0.1 to about 3 weight percent quantum
confined semiconductor nanoparticles based on the weight of
the host material. In certain more preferred embodiments, the
composition includes from about 0.5 to about 3 weight per-
cent quantum confined semiconductor nanoparticles based
on the weight of the host material. In certain embodiments
including light scatterers, the optical material includes from
about 0.001 to about 5 weight percent scatterers based on the
weight of the optical material.

In certain aspects and embodiments of the inventions
taught herein, the optical component can further include a
support element. In certain embodiments, optical material is
disposed on the support element. In certain embodiments,
optical material is disposed on a predetermined area of a
surface of the support.
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In certain embodiments, the support element is substan-
tially optically transparent. In certain embodiments, the sup-
port element is at least 90% transparent. In certain embodi-
ments, the support element is at least 95% transparent. In
certain embodiments, the support element is at least 99%
transparent.

In certain embodiments, the support element is optically
translucent.

In certain embodiments the support element can comprise
a rigid material, e.g., glass, polycarbonate, acrylic, quartz,
sapphire, or other known rigid materials.

In certain embodiments, the support element can comprise
a flexible material, e.g., a polymeric material such as plastic
(e.g. but not limited to thin acrylic, epoxy, polycarbonate,
PEN, PET, PE) or a silicone.

In certain embodiments, the support element can comprise
a flexible material including a silica or glass coating thereon.
Preferably the silica or glass coating is sufficiently thin to
retain the flexible nature of the base flexible material.

In certain embodiments, the support element has a trans-
mission haze (as defined in ASTM D1003-0095) in a range
from about 0.1% to about 5%. (ASTM D1003-0095 is hereby
incorporated herein by reference.) In certain embodiments,
one or both of the major surfaces of the support element is
smooth.

In certain embodiments, one or both major surfaces of the
support element can be corrugated.

In certain embodiments, one or both major surfaces of the
support element can be roughened.

In certain embodiments, one or both major surfaces of the
support element can be textured.

In certain embodiments, one or both major surfaces of the
support element can be concave.

In certain embodiments, one or both major surfaces of the
support element can be convex.

In certain embodiments, one major surface of the support
element can comprise microlenses.

In certain embodiments, the thickness of the carrier sub-
strate is substantially uniform.

In certain embodiments, the geometrical shape and dimen-
sions of a support element can be selected based on the
particular end-use application.

In certain embodiments, an optical component includes at
least one layer including one or more optical materials com-
prising quantum confined semiconductor nanoparticles.

In certain embodiments including more than one type of
quantum confined semiconductor nanoparticles, each type
can be included in a separate layer.

In certain embodiments, the optical material is disposed
across a major surface of the support element.

In certain embodiments, the optical material is disposed as
an uninterrupted layer across a major surface of the support
element.

In certain embodiments, a layer of optical material can
have a thickness from about 0.1 to about 200 microns. In
certain embodiments, the thickness can be from about 10 to
about 200 microns. In certain embodiments, the thickness can
be from about 30 to about 80 microns.

In certain embodiments, other optional layers may also be
included.

In certain embodiments, a layer can include two or more
layers.

While further including may be undesirable for energy
considerations, there may be instances in which a filter is
included for other reasons. In such instances, a filter may be
included. In certain embodiments, a filter may cover all or at
least a predetermined portion of the support element. In cer-
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tain embodiments, a filter can be included for blocking the
passage of one or more predetermined wavelengths of light. A
filter layer can be included over or under the optical material.
In certain embodiments, an optical component can include
multiple filter layers on various surfaces of the support ele-
ment. In certain embodiments, a notch filter layer can be
included.

In certain embodiments, one or more anti-reflection coat-
ings can be included in the optical component.

In certain embodiments, one or more wavelength selective
reflective coatings can be included in the optical component.
Such coatings can, for example, reflect light back toward the
light source.

In certain embodiments, for example, an optical compo-
nent may further include outcoupling members or structures
across at least a portion of a surface thereof. In certain
embodiments, outcoupling members or structures may be
uniformly distributed across a surface. In certain embodi-
ments, outcoupling members or structures may vary in shape,
size, and/or frequency in order to achieve a more uniform
light distribution outcoupled from the surface. In certain
embodiments, outcoupling members or structures may be
positive, e.g., sitting or projecting above the surface of optical
component, or negative, e.g., depressions in the surface of the
optical component, or a combination of both.

In certain embodiments, an optical component can further
include a lens, prismatic surface, grating, etc. on the surface
thereof from which light is emitted. Other coatings can also
optionally be included on such surface.

In certain embodiments, outcoupling members or struc-
tures can be formed by molding, embossing, lamination,
applying a curable formulation (formed, for example, by
techniques including, but not limited to, spraying, lithogra-
phy, printing (screen, inkjet, flexography, etc), etc.).

In certain embodiments, a support element can include
light scatterers.

In certain embodiments, a support element can include air
bubbles or air gaps.

In certain embodiments, an optical component can include
one or more major, surfaces with a flat or matte finish.

In certain embodiments, an optical component can include
one or more surfaces with a gloss finish.

In certain aspects and embodiments of the inventions
taught herein, an optical component can optionally further
include a cover, coating or layer for protection from the envi-
ronment (e.g., dust, moisture, and the like) and/or scratching
or abrasion.

In certain embodiments, the optical material is at least
partially encapsulated.

In certain embodiments, the optical material is at least
partially encapsulated by a barrier material. In certain
embodiments, the optical material is at least partially encap-
sulated by a=material that is substantially impervious to oxy-
gen. In certain embodiments, the optical material is at least
partially encapsulated by a material that is substantially
impervious to moisture (e.g., water). In certain embodiments,
the optical material is at least partially encapsulated by a
material that is substantially impervious to oxygen and mois-
ture. In certain embodiments, for example, the optical mate-
rial can be sandwiched between substrates. In certain embodi-
ments, one or both of the substrates can comprise glass plates.
In certain embodiments, for example, the optical material can
be sandwiched between a substrate (e.g., a glass plate) and a
barrier film. In certain embodiments, the optical material can
be sandwiched between two barrier films or coatings.

In certain embodiments, the optical material is fully encap-
sulated. In certain embodiments, for example, the optical
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material can be sandwiched between substrates (e.g., glass
plates) that are sealed by a perimeter seal. In certain embodi-
ments, for example, the optical material can be disposed on a
substrate (e.g., a glass support) and fully covered by barrier
film. In certain embodiments, for example, the optical mate-
rial can be disposed on a substrate (e.g., a glass support) and
fully covered by protective coating. In certain embodiments,
the optical material can be sandwiched between two barrier
films or coatings that are sealed by a perimeter seal.

Example of suitable barrier films or coatings include, with-
out limitation, a hard metal oxide coating, a thin glass layer,
and Barix coating materials available from Vitex Systems,
Inc. Other barrier films or coating can be readily ascertained
by one of ordinary skill in the art.

In certain embodiments, more than one barrier film or
coating can be used to encapsulate the optical material.

Examples of light sources include, without limitation, solid
state light emitting devices (preferably, a white-light emitting
LED) A light source preferably emits in the visible region of
the electromagnetic spectrum.

In certain embodiments, a system can include a single light
source.

In certain embodiments, a system can include a plurality of
light sources.

In certain embodiments including a plurality of light
sources, the individual light sources can be the same or dif-
ferent.

In certain embodiments including a plurality of light
sources, each individual light sources can emit light having a
wavelength that is the same as or different from that emitted
by each of the other light sources.

In certain embodiments including a plurality of light
sources, the individual light sources can be arranged as an
array.

In certain preferred embodiments, the white light emitting
LED comprises a blue light emitting semiconductor LED
including a phosphor material for converting the blue LED
light output to white light.

In certain embodiments, for example, a blue light emitting
LED component included in the white light emitting LED
comprises e.g., (In)GaN blue.

In certain embodiments, a blue LED can emit light in a
range from about 400 nm to about 500 nm.

In certain embodiments, the white light emitting LED com-
prises a UV light emitting semiconductor LED including a
phosphor material for converting the UV LED light output to
white light.

In certain embodiments, the weight ratio of quantum con-
fined semiconductor nanoparticles to scatterers is from about
1:100 to about 100:1.

As described herein, in certain embodiments of the present
invention, a solid state lighting device comprises a light
source capable of generating light, and an optical component
positioned to receive at least a portion of the light generated
by the light source and convert at least a portion of the light so
received to one or more predetermined wavelengths such that
the light emitted by the solid state lighting device includes
light emission from the light source supplemented with light
emission at one or more predetermined wavelengths, wherein
the optical component includes an optical material comprises
quantum confined semiconductor nanoparticles.

In certain embodiments, the optical material is not in direct
contact with the light source. In certain embodiments, the
optical component is not in direct contact with the light
source. Preferably the temperature at the location of the nano-
particles during operation of the solid state lighting device is
less than 90° C., less than 75° C., 60° C. or less, 50° C. or less,
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40° C. orless. In certain preferred embodiments, the tempera-
ture at the location of the nanoparticles during operation of
the solid state lighting device is in a range from about 30° C.
to about 60° C.

In certain embodiments, the light source comprises a white
LED (e.g., a blue emitting semiconductor LED that is encap-
sulated with an encapsulant including phosphor material
(e.g., typically a yellow phosphor material) for converting the
blue LED light output to white), and the optical component
comprises an optical material comprising quantum confined
semiconductor nanoparticles capable of emitting red light.

In certain embodiments of a solid state lighting device in
accordance with the invention that include, e.g., a light source
comprising a white light emitting LED and an optical com-
ponent comprising an optical material comprising quantum
confined semiconductor nanoparticles that can emit light in
the orange to red spectral region, an emission in the orange to
red spectral region is added to the light output of the solid state
lighting device. The addition of the nanoparticles with a pre-
determined emission wavelength in the spectral range from
about 575 nm to about 650 nm can improve the lumens per
watt efficiency of the solid state lighting device without
increasing the power requirements thereof.

FIG. 1 depicts in schematic form an example of an embodi-
ment of solid state lighting device 10 of the present disclo-
sure. One or more light sources 20, depicted as a plurality of
LEDs, are included in the solid state lighting device. In cer-
tain embodiments, the light source(s) comprises a white light
emitting device that emits white light including a blue spec-
tral component and having a deficiency in at least one spectral
region. The solid state lighting device includes an optical
component 50 positioned to receive at least a portion of the
white light generated by the light source. The optical compo-
nent comprises an optical material for converting at least a
portion of the blue spectral component of the white light to
one or more predetermined wavelengths such that light emit-
ted by the solid state lighting device includes white light
emission from the light source supplemented with light emis-
sion at one or more predetermined wavelengths in a deficient
spectral region of the light source. The optical material com-
prises quantum confined semiconductor nanoparticles, and
can further include light scattering particles. As described
herein, in certain embodiments, quantum confined semicon-
ductor nanoparticles included in an optical material comprise
a semiconductor nanocrystal including a core comprising a
semiconductor material and an inorganic shell disposed on at
least a portion of a surface of the core. In the depicted
example, the optical component is not in direct contact with
the light sources. In the depicted example, the optical com-
ponent includes a support element that can serve as a cover
plate for the solid state lighting device. In certain embodi-
ments, the support element comprises a light diffuser com-
ponent of the solid state lighting device. In the depicted
example, the optical component 50 includes a layer of optical
material (as described herein) 60 disposed on a predeter-
mined region of a first substrate (e.g., an optically transparent
support element) 70 and covered by a second opposed sub-
strate 71.

FIG. 2 depicts in schematic form an example of another
embodiment of an optical component 190 including a layered
arrangement of two different optical materials 400, 420, each
including quantum confined semiconductor nanocrystals dif-
ferent from the other. The optical component 190 is posi-
tioned to receive at least a portion of the white light 430
generated by the light source 410, shown as an LED. The LED
410 emits white light 430 including a blue spectral compo-
nent and having a deficiency in at least one spectral region.



US 9,167,659 B2

23

The optical material included in the optical component con-
verts a portion of the blue spectral portion of the white light to
one or more predetermined wavelengths to supplement the
light source output 430 with light emission at one or more
predetermined wavelengths 450, 460 in a deficient spectral
region of the light source.

Advantageously, in certain embodiments of the present
invention, an optical material comprising red-emitting quan-
tum confined semiconductor nanoparticles can compensate
for the red spectral deficiency while also lowering the corre-
lated color temperature of a white light emitting LED. Such
optical material can alter the light output from the light source
such that the General Color Rendering Index (R ) of the light
output from the device is increased compared to that of light
emitted directly from the light source. Such optical material
can alter the light output from the light source such that the
correlated color temperature of the light output from the
device has a lower correlated color temperature than that of
the light emitted directly from the light source.

General Color Rendering Index (which can be abbreviated
as R,.), as used herein refers to the common definition of
color rendering index as a mean value for 8 standard color
samples (R, 4).

In certain embodiments of a solid state lighting device in
accordance with the invention that include, e.g., a light source
comprising a white light emitting LED (including an LED
emitting in the blue spectral region with a yellow phosphor
film for creating a white LED output) and an optical compo-
nent comprising an optical material comprising orange (e.g.,
about 575 nm to about 595 nm) emitting quantum confined
semiconductor nanoparticles, an orange emission component
is added to the light output of the solid state lighting device.
The addition of the nanoparticles with a predetermined emis-
sion wavelength in the orange spectral region can improve the
lumens per watt efficiency of the solid state lighting device
without increasing the power requirements thereof.

In certain embodiments of a solid state lighting device in
accordance with the invention that include, e.g., a light source
comprising a white light emitting LED (including an LED
emitting in the blue spectral region with a yellow phosphor
film for creating a white LED output) and an optical compo-
nent comprising an optical material comprising cyan emitting
quantum confined semiconductor nanoparticles, a cyan emis-
sion component is added to the light output of the solid state
lighting device. The addition of the nanoparticles with a pre-
determined emission wavelength in the cyan spectral region
can improve the lumens per watt efficiency of the solid state
lighting device without increasing the power requirements
thereof as well as the CRI.

In accordance with another aspect of the present invention,
there is provided an endoscopy light source comprising a
solid state lighting device taught herein.

In accordance with another aspect of the present invention,
there is provided an endoscopy light source comprising an
optical component taught herein.

In accordance with another aspect of the present invention,
there is provided an endoscopy lighting system comprising a
solid state lighting device taught herein.

In accordance with another aspect of the present invention,
there is provided an endoscopy lighting system comprising an
optical component taught herein.

Endoscopic lighting devices and systems can be improved
by including an optical component and/or a solid state light-
ing device taught herein. Performance of endoscopic systems
can be enhanced by the characteristics of light obtainable
from inclusion of an optical component described herein as a
component of the endoscopic system for altering the light

20

30

40

45

55

24

output of the system light source. Performance of endoscopic
systems can be enhanced by the characteristics of light
obtainable from inclusion of solid state lighting device
described herein as a light source in such systems. Informa-
tion concerning endoscopic systems can be found, for
example, in U.S. Pat. Nos. 7,496,259; 7,488,101; and 7,466,
885, the disclosures of which are hereby incorporated herein
by reference in their entireties,

In accordance with another aspect of the present invention,
there is provided an optical component useful with a light
source that emits white light including a blue spectral com-
ponent and at least one spectral deficiency in another region
of'the spectrum, the optical component comprising an optical
material for converting at least a portion of the blue spectral
component of light output from the light source to one or
more predetermined wavelengths, wherein the optical mate-
rial comprises quantum confined semiconductor nanopar-
ticles.

In certain preferred embodiments, a predetermined wave-
length is selected to meet or compensate for a deficiency in
the spectral region of the light source, for example, by supple-
menting the light output of the light source in at least one of
the spectral deficiency regions.

In certain embodiments, for example, where a light source
emits white light with a spectral deficiency in the red spectral
region, the predetermined wavelength can be in a range from
about 575 nm to about 650 nm, from about 580 nm to 630 nm,
from about 590 nm to about 630 nm, from about 600 nm to
620 nm, etc. In certain preferred embodiments, the wave-
length is about 616 nm.

In certain embodiments, for example, where a light source
emits white light with a spectral deficiency in the cyan spec-
tral region, the optical material can comprise one or more
different types of quantum confined semiconductor nanopar-
ticles that can emit at one or more predetermined wavelengths
in a range from about 450 nm to about 500 nm.

In certain embodiments, the optical component includes an
optical material comprising one or more different types of
quantum confined semiconductor nanoparticles (based on
composition, structure and/or size), wherein each different
type of quantum confined semiconductor nanoparticles emits
light at predetermined wavelength that is different from the
predetermined wavelength emitted by any other type of quan-
tum confined semiconductor nanoparticles included in the
optical material, and wherein one or more different predeter-
mined wavelengths are selected such that the optical material
will compensate for one or more spectral deficiencies of the
intended light source.

In certain embodiments including one or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in one or more different optical materials.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in two or more different optical materials.

In certain embodiments including two or more different
optical materials, such different optical materials can, for
example, be included as separate layers of a layered arrange-
ment and/or as separate features of a patterned layer.

In certain embodiments, compensation of one or more
spectral deficiencies of the light source by the optical com-
ponent can also increase the General Color Rendering Index
(R,) of light output from the light source. For example, in
certain embodiments, the optical component can increase the
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General Color Rendering Index (R ) of light output from the
light source by at least 10%. In certain embodiments, the
General Color Rendering Index (R ) is increased to a prede-
termined General Color Rendering Index (R ).

In certain embodiments, compensation of one or more
spectral deficiencies of the light source by the optical com-
ponent can alter the correlated color temperature (CCT) of
light output from the light source. In certain embodiments,
the optical component can lower the correlated color tem-
perature of light output from the light source by, for example,
at least about 1000K; at least about 2000K, at least 3000K, at
least 4000K, etc.

In certain embodiments, the lumens per watt efficiency of
the light source is not substantially affected by alteration of
the CCT through use of the optical component.

In certain embodiments, the CCT is altered to a predeter-
mined CCT.

In certain preferred embodiments, quantum confined semi-
conductor nanoparticles comprise semiconductor nanocrys-
tals.

In certain embodiments, the quantum confined semicon-
ductor nanoparticles have a solid state quantum efficiency of
at least 40%. In certain embodiments, the quantum confined
semiconductor nanoparticles have a solid state quantum effi-
ciency of at least 50%. In certain embodiments, the quantum
confined semiconductor nanoparticles have a solid state
quantum efficiency of at least 60%.

In certain embodiments, the quantum confined semicon-
ductor nanoparticles maintain at least 40% efficiency during
use of the optical component.

In certain preferred embodiments, the optical material
comprises quantum confined semiconductor nanoparticles
capable of emitting red light. In other certain preferred
embodiments, the optical material comprises quantum con-
fined semiconductor nanoparticles capable of emitting light
in the orange to red spectral region.

In certain embodiments, the optical material further com-
prises a host material in which the quantum confined semi-
conductor nanoparticles are distributed. In certain embodi-
ments, quantum confined semiconductor nanoparticles are
included in the optical material in an amount in a range from
about 0.001 to about 5 weight percent of the weight of the host
material. In certain embodiments, quantum confined semi-
conductor nanoparticles are included in the optical material in
an amount in a range from about 0.5 to about 3 weight percent
of the weight of the host material. In certain embodiments,
quantum confined semiconductor nanoparticles are included
in the optical material in an amount in a range from about 1 to
about 3 weight percent of the weight of the host material. In
certain embodiments, quantum confined semiconductor
nanoparticles are included in the optical material in an
amount in a range from about 1 to about 2 weight percent of
the weight of the host material.

In certain embodiments, the optical material further com-
prises light scatterers.

In certain embodiments, the light scatterers comprise light
scattering particles. In certain embodiments, light scattering
particles are included in the optical material in an amount in
a range from about 0.001 to about 5 weight percent of the
weight of the host material. In certain embodiments, light
scattering particles are included in the optical material in an
amount in a range from about 0.5 to about 3 weight percent of
the weight of the host material. In certain embodiments, light
scattering particles are included in the optical material in an
amount in a range from about 1 to about 3 weight percent of
the weight of the host material. In certain embodiments, light
scattering particles are included in the optical material in an
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amount in a range from about 1 to about 2 weight percent of
the weight of the host material.

In certain embodiments, an optical component further
includes a support element. Preferably, the support element is
optically transparent to light emitted from the light source and
to light emitted from the nanoparticles.

In certain embodiments, an optical component including a
support element can serve as a cover plate for the solid state
lighting device.

In certain embodiments, the support element comprises a
light diffuser component of the solid state lighting device.

In certain embodiments, the support element is rigid.

In certain embodiments, the support element is flexible.

In certain embodiments, the geometrical shape and dimen-
sions of a support element can be selected based on the
particular end-use application (e.g., lamp, solid state lighting
device, lighting fixture, or other apparatus or device).

In certain embodiments, the optical material comprising
quantum confined semiconductor nanoparticles is disposed
over a surface of a support element. Preferably, the optical
material is disposed over a surface of the support element
facing the light source.

In certain embodiments, the optical material is disposed as
one or more layers over a predetermined area of the surface of
the support element.

In certain embodiments, the layer comprises an optical
material that further includes a host material in which the
quantum confined semiconductor nanoparticles are distrib-
uted. In certain embodiments, the layer includes from about
0.001 to about 5 weight percent quantum confined semicon-
ductor nanoparticles based on the weight of the host material.
In certain embodiments, the layer further comprises light
scatterers. In certain embodiments, light scatterers are
included in the layer in an amount in the range from about
0.001 to about 5 weight percent of the weight of the host
material.

In certain embodiments, a layer including optical material
including a host material has a thickness, for example, from
about 0.1 micron to about 1 cm. In certain embodiments, a
layer including optical material including a host material has
a thickness from about 0.1 to about 200 microns. In certain
embodiments, a layer including optical material including a
host material has a thickness from about 10 to about 200
microns. In certain embodiments, a layer including optical
material including a host material has a thickness from about
30 to about 80 microns.

In certain embodiments, the optical component can convert
atleast 10% of the emission in the blue spectral region to one
or more predetermined wavelengths.

In certain embodiments, the optical component can convert
at least 30% of the emission in the blue spectral region to one
or more predetermined wavelengths.

In certain embodiments, the optical component can convert
at least 60% of the emission in the blue spectral region to one
or more predetermined wavelengths.

In certain embodiments, the optical component can convert
atleast 90% of the emission in the blue spectral region to one
or more predetermined wavelengths.

In certain embodiments, the optical component can convert
from about 50% to about 75% of the emission in the blue
spectral region to one or more predetermined wavelengths.

In certain embodiments, quantum confined semiconductor
nanoparticles included in an optical material are cadmium
free.

In certain embodiments, quantum confined semiconductor
nanoparticles included in an optical material comprise a I[11-V
semiconductor material.
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In certain embodiments, quantum confined semiconductor
nanoparticles included in an optical material comprise a
semiconductor nanocrystal including a core comprising a
semiconductor material and an inorganic shell disposed on at
least a portion of a surface of the core.

In certain embodiments, the optical material is at least
partially encapsulated.

In certain embodiments, the optical material is fully encap-
sulated.

In accordance with another aspect of the present invention,
there is provided a lighting fixture adapted to receive a light
source, wherein the fixture includes an optical component
that is positioned in the fixture relative to the position of the
light source such that at least a portion of the light generated
by the light source passes into the optical component before
being emitted from the fixture, wherein the optical compo-
nent comprises an optical material capable of converting light
having a first predetermined wavelength into light with hav-
ing one or more different predetermined wavelengths in order
to supplement the spectrum of'the light emitted from the light
source, wherein the optical component comprises an optical
material comprising quantum confined semiconductor nano-
particles.

In certain embodiments, optical component is capable of
converting a first predetermined wavelength in the blue spec-
tral region into one or more different predetermined wave-
lengths in the red spectral region.

In certain embodiments, the optical component is capable
of converting a first predetermined wavelength in the blue
spectral region into one or more different predetermined
wavelengths in the orange to red spectral region. In certain
embodiments, the optical component is capable of converting
a first predetermined wavelength in the blue spectral region
into one or more different predetermined wavelengths in the
red spectral region. In certain embodiments, the optical com-
ponent is capable of converting a first predetermined wave-
length in the blue spectral region into one more different
predetermined wavelengths in the cyan spectral region. In
certain embodiments, the optical component is capable of
converting a first predetermined wavelength in the blue spec-
tral region into one or more different predetermined wave-
lengths in the red spectral region and one or more different
predetermined wavelengths in the orange spectral region.

In certain embodiments, the optical material further com-
prises a host material in which the nanoparticles are distrib-
uted. In certain preferred embodiments the host material is a
solid host material.

In certain embodiments, the optical material further
includes light scattering particles distributed in the host mate-
rial.

In certain embodiments, the fixture can include the optical
component and optical material taught herein.

In accordance with a further aspect of the present inven-
tion, there is provided a cover plate adapted for attachment to
a solid state semiconductor light emitting device or a lighting
fixture for a solid state semiconductor light emitting device,
the cover plate comprising an optically transparent base plate
having an inner surface and an outer surface and a predeter-
mined shape based on the design of the device or lighting
fixture, an optical material disposed on the surface (prefer-
ably the surface to face the light source) of the base plate, and
means for attaching the cover plate to the device or lighting
fixture, wherein the optical material comprises quantum con-
fined semiconductor nanoparticles capable of converting
light having a first predetermined wavelength into one or
more different predetermined wavelengths in order to supple-
ment the spectrum of the light passing therethrough.
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In certain embodiments, for example, where a first prede-
termined wavelength is to be converted into more one or more
different predetermined wavelengths, the optical material
comprises one or more different types of quantum confined
semiconductor nanoparticles (based on composition, struc-
ture and/or size), wherein each different type of quantum
confined semiconductor nanoparticle can convert a portion of
the first predetermined wavelength to one or more different
predetermined wavelengths. In such case, one or more differ-
ent predetermined wavelengths are selected to meet or com-
pensate for one or more of the spectral deficiencies of the light
source for which the cover plate in intended for use.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in one or more different optical materials.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in two or more different optical materials.

In certain embodiments including two or more different
optical materials, such different optical materials can, for
example, be included as separate layers of a layered arrange-
ment and/or as separate features of a patterned layer.

In certain embodiments, optical material includes quantum
confined semiconductor nanoparticles that are capable of
converting a first predetermined wavelength in the blue spec-
tral region and into one or more different predetermined
wavelength in the red spectral region. In certain embodi-
ments, the optical component is capable of converting a first
predetermined wavelength in the blue spectral region into one
or more different predetermined wavelengths in the orange to
red spectral region. In certain embodiments, the optical com-
ponent is capable of converting a first predetermined wave-
length in the blue spectral region into one or more different
predetermined wavelengths in the red spectral region. In cer-
tain embodiments, the optical component is capable of con-
verting a first predetermined wavelength in the blue spectral
region into one or more different predetermined wavelengths
in the cyan spectral region. In certain embodiments, the opti-
cal component is capable of converting a first predetermined
wavelength in the blue spectral region into one or more dif-
ferent predetermined wavelengths in the red spectral region
and one or more different predetermined wavelengths in the
orange spectral region.

In certain embodiments, the optical material further com-
prises a host material in which the nanoparticles are distrib-
uted. In certain preferred embodiments the host material is a
solid host material.

In certain embodiments, the optical material further
includes light scattering particles distributed in the host mate-
rial.

In certain embodiments, a cover plate comprises an optical
component taught herein.

In certain embodiments, the cover plate can include an
optical material taught herein.

In certain embodiments the cover plate can be flexible or
rigid. In certain embodiments, the base plate can comprise
materials useful for the above-described support element. In
certain embodiments, a base plate can comprise one or more
features and additional layers described above for the support
element.
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In certain embodiments and aspects of the inventions
described herein, the geometrical shape and dimensions of a
support element, an optical component, a base plate, and/or
cover plate can be selected based on the particular end-use
application.

In certain embodiments, the optical material is at least
partially encapsulated.

In certain embodiments, the optical material is fully encap-
sulated.

In accordance with yet a further aspect of the present inven-
tion, there is provided a method for improving the lumens per
watt efficiency of a white light emitting solid state semicon-
ductor light emitting device having a spectral output includ-
ing emissions in the blue and yellow spectral regions, the
method comprising passing at least a portion of the blue
emission into an optical material to convert at least a portion
of the blue spectral emission to emission in a range from
about 575 nm to about 650 nm, the optical material compris-
ing quantum confined semiconductor nanoparticles.

In certain embodiments, for example, the optical material
can convert at least a portion of the blue spectral emission to
emission in a range from about 580 nm to about 630 nm, from
about 590 nm to about 630 nm, from about 600 nm to about
620 nm, etc. In certain embodiments, the wavelength can be
about 616 nm.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in one or more different optical materials.

In certain embodiments including two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, the different
types of quantum confined semiconductor nanoparticles can
be included in two or more different optical materials.

In certain aspects and embodiments of the inventions
taught herein, the optical material (e.g., comprising quantum
confined semiconductor nanoparticles dispersed in a host
material (preferably a polymer or glass)) is exposed to light
flux for a period of time sufficient to increase the photolumi-
nescent efficiency of the optical material. In certain embodi-
ments, the optical material is exposed to light and heat for a
period of time sufficient to increase the photoluminescent
efficiency of the optical material. In certain embodiments, the
exposure to light or light and heat is continued for a period of
time until the photoluminescent efficiency reaches a substan-
tially constant value. In certain embodiments, an LED light
source with peak wavelength of about 450 nm is used as the
source of light flux. Other known light sources can be readily
identified by the skilled artisan. In certain embodiments, the
light flux is from about 10 to about 100 mW/cm?, preferably
from about 20 to about 35 mW/cm?, and more preferably
from about 20 to about 30 mW/cm?. In embodiments that
include exposing the optical material to light and heat, the
optical material is exposed to light while at a temperature in a
range from about 25° to about 80° C. In certain embodiments,
the optical material (e.g., comprising quantum confined semi-
conductor nanoparticles dispersed in a host material (prefer-
ably a polymer or glass)) can be encapsulated (for example, a
layer of optical material can be disposed between glass plates,
barrier films, or combinations thereof) when exposed to light,
whether or not heat is also applied. In certain examples, the
glass plates, barrier films, or combination thereof can further
be sealed together around the perimeter or edge. In certain
embodiments, the seal comprises barrier material. In certain
embodiments, the seal comprises an oxygen barrier. In certain
embodiments, the seal comprises a water barrier. In certain
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embodiments, the seal comprises an oxygen and water bar-
rier. In certain embodiments, the seal is substantially imper-
vious to water and/or oxygen. Examples of sealing techniques
include, but are not limited to, glass-to-glass seal, glass-to-
metal seal, sealing materials that are substantially impervious
to oxygen and/or water, epoxies and other sealing materials
that slow down penetration of oxygen and/or moisture. In
certain embodiments, the optical material (e.g., comprising
quantum confined semiconductor nanoparticles dispersed in
a host material (preferably a polymer or glass)) can be par-
tially encapsulated when exposed to light, whether or not heat
is also applied.

Photoluminescent efficiency can be measured, for
example, with use of a spectrophotometer in an integrating
sphere including a NIST traceable calibrated light source. In
such embodiments, the optical material can further include
light scattering particles and other optional additives
described herein.

The present invention will be further clarified by the fol-
lowing examples, which are intended to be exemplary of the
present invention.

EXAMPLES

Example 1

Preparation of Semiconductor Nanocrystals Capable
of Emitting Red Light with
3,5-di-tert-butyl-4-hydroxybenzylphosphonic acid

Synthesis of CdSe Cores

1 mmol cadmium acetate is dissolved in 8.96 mmol of
tri-n-octylphosphine at 100° C. in a 20 mL vial and is then
dried and degassed for one hour. 15.5 mmol of trioctylphos-
phine oxide and 2 mmol of octadecylphosphonic acid are
added to a 3-neck flask and dried and degassed at 140° C. for
one hour. After degassing, the Cd solution is added to the
oxide/acid flask and the mixture is heated to 270° C. under
nitrogen. Once the temperature reaches 270° C., 8 mmol of
tri-n-butylphosphine is injected into the flask. The tempera-
ture is brought back to 270° C. where 1.1 mL of 1.5 M TBP-Se
is then rapidly injected. The reaction mixture is heated at 270°
C. for 15-30 minutes while aliquots of the solution are
removed periodically in order to monitor the growth of the
nanocrystals. Once the first absorption peak of the nanocrys-
tals reaches 565-575 nm, the reaction is stopped by cooling
the mixture to room temperature. The CdSe cores are precipi-
tated out of the growth solution inside a nitrogen atmosphere
glovebox by adding a 3:1 mixture of methanol and isopro-
panol. The cores are isolated and then dissolved in hexane for
use in making core-shell materials.

Preparation of
3,5-Di-tert-butyl-4-hydroxybenzylphosphonic acid

3,5-Di-tert-butyl-4-hydroxybenzylphosphonic  acid s
obtained from PCI Synthesis, 9 Opportunity Way, Newbury-
port, Mass. 01950.

The preparation of 3,5-Di-tert-butyl-4-hydroxyben-
zylphosphonic acid generally utilizes the following synthetic
approach:
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3,5-Di-tert-butyl-4-hydroxybenzylphosphonic acid can be
characterized by the following:

Melting point: 199-200° C. [Lit: 200° C.; Literature ref: J.
D. Spivack, FR1555941 (1969)]

IR: 3614 cm™, 3593 cm™ (weak, O—H stretching).

'H-NMR (CD,0D): 8 7.10 (d, aromatic, 2H, I ,,~2.6 Hz),
5.01 (s, exchanged HOD), 2.99 (d, —CH,, 2H, J, ,~21.2
Hz), 1.41 (s, —CH,, 18H).

13C-NMR (CD,0D): 8 152.9 (aromatic), 137.9 (aromatic),
126.2 (aromatic), 123.5 (aromatic), 34.41 (d, —CH,, 35.75,
33.07, J5.-~537.2 Hz), 3435 (—C(CH,),), 29.7 (—C((
CH,),).

31P.NMR (CD;0D): § 26.8

The above-identified synthetic precursors included in the
preparation of 3,5-Di-tert-butyl-4-hydroxybenzylphospho-
nic acid can be characterized by the following:

Diethyl
3,5-di-tert-butyl-4-hydroxybenzylphosphonate

Melting point: 119-120° C. (Lit: 118-119° C.; Literature
ref: R. K. Ismagilov, Zhur. Obshchei Khimii, 1991, 61,387).

IR: 3451 em™ (weak, —OH, stretching), 2953 (weak,
—CH,;, C—H stretching).

'H-NMR (CDCl,): 8 7.066 (d, Ar—H, 2H, I, 2.8 Hz),
5.145 (s, 1H, —OH), 4.06-3.92 (m, —CH,CH,, 4H, H—H
and long-range P—H couplings), 3.057 (d, Ar—CH,, 2H,
Jr.:721.0Hz), 1.412 (s, —C(CH,);, 18H), 1.222 (t,—CH,C
H,, 6H).

13C.NMR (CDCLy): & 153.98 (aromatic), 136.22 (aro-
matic), 126.61 (aromatic), 122.07 (aromatic), 62.14 (—O
CH,CH,, J,.~24.4 Hz), 33.63 (Ar—CH,, J»_ =552.4 Hz),
34.53 [—C(CH,),], 30.54 [—C(CH,),], 16.66 (—CH,CHj,
Jp.c=24.4 Hz).

*IP_NMR (CDCl,): 8 28.43.

3,5-di-tert-butyl-4-hydroxybenzyl bromide

Melting point: 51-54° C. (Lit: 52-54° C.; Literature ref: J.
D. McClure, J. Org. Chem., 1962, 27, 2365)

IR: 3616 cm™ (medium, O—H stretching), 2954 cm™
(weak, alkyl C—H stretching).

'H-NMR (CDCl,): 8 7.20 (s, Ar—H, 2H), 5.31 (s, —OH),
4.51 (s, —CH,, 2H), 1.44 {s, [—C(CH,),], 18H}.

25

40

45

50

55

60

65

32

lTriethylphosphite

e}

P—OEt

OEt

13C-NMR (CDCl,): 8 154.3 (aromatic), 136.5 (aromatic),
128.7 (aromatic), 126.3 (aromatic), 35.8 [(—C(CH;);], 34.6
(—CH,), 30.5 [—C(CH,); .

Other synthetic approaches that are known or readily ascer-
tainable by one of ordinary skill in the relevant art can be used
to prepare 3,5-Di-tert-butyl-4-hydroxybenzylphosphonic
acid.

Synthesis of CdSe/CdZnS Core-Shell Nanocrystals

25.86 mmol of trioctylphosphine oxide and 2.4 mmol of
3,5-di-tert-butyl-4-hydroxybenzylphosphonic  acid are
loaded into a four-neck flask. The mixture is then dried and
degassed in the reaction vessel by heating to 120° C. for about
an hour. The flask is then cooled to 75° C. and the hexane
solution containing isolated CdSe cores (0.1 mmol Cd con-
tent) is added to the reaction mixture. The hexane is removed
under reduced pressure. Dimethyl cadmium, diethyl zinc, and
hexamethyldisilathiane are used as the Cd, Zn, and S precur-
sors, respectively. The Cd and Zn are mixed in equimolar
ratios while the S is in two-fold excess relative to the Cd and
Zn. The Cd/Zn and S samples are each dissolved in 4 mL of
trioctylphosphine inside a nitrogen atmosphere glove box.
Once the precursor solutions are prepared, the reaction flask
is heated to 155° C. under nitrogen. The precursor solutions
are added dropwise over the course of 2 hours at 155° C. using
a syringe pump. After the shell growth, the nanocrystals are
transferred to a nitrogen atmosphere glovebox to be precipi-
tated out of the growth solution by adding a 3:1 mixture of
methanol and isopropanol. The core-shell nanocrystals are
then isolated and dispersed in fluorobenzene and used to
make an optical material.

(3,5-di-tert-butyl-4-hydroxybenzylphosphonic acid ligand
group may also be referred to herein as BHT.)

Example 2

Preparation of Optical Component Including
Semiconductor Nanocrystals

The film listed in the Table below is prepared using optical
material including semiconductor nanocrystals (prepared
substantially in accordance with the synthesis described in
Example 1).
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The red-emitting semiconductor nanocrystals dispersed in
solvent have a peak emission at 609 nm, a FWHM of 31, a
solution quantum yield of 77% and a concentration of 21
mg/ml.

0.5 ml of RD-12, a low viscosity reactive diluent commer-
cially available from Radcure Corp, 9 Audrey Pl, Fairfield,
N.J. 07004-3401, United States, is added to a 20 ml septum
capped vial including a magnetic stirrer bar, the system is
closed and purged through a syringe needle under vacuum
then backfilled with nitrogen. 2.6 ml of the 21 mg/ml suspen-
sion of the red-emitting nanocrystals is added to the vial by a
3 ml syringe. Solvent is removed from the vial by vacuum
stripping. 2 ml of DR-150 is then added to the vial through a
syringe and the mixture is mixed using a Vortex mixer. (DR-
150 is a UV-curable acrylic formulation commercially avail-
able from Radcure.). The vessel is then backfilled with nitro-
gen and the mixture is mixed using a Vortex mixer.

0.028 gram TiO, is next added to the open vial and the
mixture is mixed with a Vortex mixer followed by mixing
with an homogenizer.

The vial is then capped and deaerated under vacuum and
backfilled with nitrogen.

After mixing, the closed vial is put in an ultrasonic bath for
50 minutes. Care is taken to avoid temperatures over 40° C.
while the sample is in the ultrasonic bath.

The sample is stored in the dark until used to make a
coating.

Tego 2500 is added before forming films on polycarbonate.

Sample material from the vial is Mayer rod coated onto a
corona treated precleaned 1 mm thick sheet of transparent
polycarbonate and cured in a 5000-EC UV Light Curing
Flood Lamp from DYMAX Corporation system with an
H-bulb (225 mW/cm?) for 20 seconds. The thickness of the
nanocrystal containing layer on the polycarbonate is approxi-
mately 30 microns.

The resulting film is cut to size to serve as cover plates on
white light emitting Array PAR 30 LED lamps available from
NEXXUS Lighting.

Data for Array PAR 30 LED lamps (available from
NEXXUS Lighting) with and without an optical component
comprising the above-prepared cover plates is provided in the
following Table 1:

TABLE 1
CORRELATED
COLOR GENERAL
LUMENS TEMPERATURE CRIR,)
Array PAR 30 LED 342 5079 76.4
Lamp (5000K)
without nanocrystal
containing cover plate
Array PAR 30 LED 220 2712 89.6
Lamp (5000K) with
nanocrystal containing
cover plate (as
described in above
example)
Array PAR 30 LED 366 6412 75.7
Lamp (6500K)
without nanocrystal
containing cover plate
Array PAR 30 LED 224 3031 91.3

Lamp (6500K) with
nanocrystal containing
cover plate (as
described in above
example)
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Example 3

Preparation of Semiconductor Nanocrystals Capable
of Emitting 611 Nm Light with
3,5-di-tert-butyl-4-hydroxybenzylphosphonic acid

Synthesis of CdSe Cores

29.9 mmol cadmium acetate is dissolved in 436.7 mmol of
tri-n-octylphosphine at 100° C. in a 250 mL 3-neck round-
bottom flask and then dried and degassed for one hour. 465.5
mmol of trioctylphosphine oxide and 61.0 mmol of octade-
cylphosphonic acid are added to a 0.5 L glass reactor and
dried and degassed at 140° C. for one hour. After degassing,
the Cd solution is added to the reactor containing the oxide/
acid and the mixture is heated to 270° C. under nitrogen. Once
the temperature reaches 270° C., 243.2 mmol of tri-n-bu-
tylphosphine is injected into the flask. The temperature is
brought back to 270° C. where 34 mL of 1.5 M TBP-Se is then
rapidly injected. The reaction mixture is heated at 250° C. for
9 minutes at which point the heating mantle is removed from
the reaction flask and the solution is allowed to cool to ambi-
ent temperature. Once the first absorption peak of the nanoc-
rystals reaches about 558 nm, the reaction is stopped by
cooling the mixture to room temperature. The CdSe cores are
precipitated out of the growth solution inside a nitrogen atmo-
sphere glovebox by adding a 3:1 mixture of methanol and
isopropanol. The isolated cores are then dissolved in hexane
and used to make core-shell materials.

Synthesis of CdSe/CdZnS Core-Shell Nanocrystals

Two identical reactions are set up whereby 25.86 mmol of
trioctylphosphine oxide and 2.4 mmol of 3,5-di-tert-butyl-4-
hydroxybenzylphosphonic acid are loaded into 50 mL four-
neck round bottom flasks. The mixtures are then dried and
degassed in the reaction vessels by heating to 120° C. for
about an hour. The flasks are then cooled to 70° C. and the
hexane solution containing isolated CdSe cores (0.096 mmol
Cd content) are added to each reaction mixture. The hexane is
removed under reduced pressure. Dimethyl cadmium, diethyl
zinc, and hexamethyldisilathiane are used as the Cd, Zn, and
S precursors, respectively. The Cd and Zn are mixed in
equimolar ratios while the S is in two-fold excess relative to
the Cd and Zn. Two sets of Cd/Zn (0.29 mmol of dimethyl-
cadmium and diethylzinc) and S (1.15 mmol of hexamethyl-
disilathiane) samples are each dissolved in 4 ml. of trio-
ctylphosphine inside a nitrogen atmosphere glove box. Once
the precursor solutions are prepared, the reaction flasks are
heated to 155° C. under nitrogen. The Cd/Zn and S precursor
solutions are added dropwise to the respective reaction flasks
over the course of 2 hours at 155° C. using a syringe pump.
After the shell growth, the nanocrystals are transferred to a
nitrogen atmosphere glovebox and precipitated out of the
growth solution by adding a 3:1 mixture of methanol and
isopropanol. The isolated core-shell nanocrystals are then
dispersed in toluene.

Example 4

Preparation of Optical Component Including
Semiconductor Nanocrystals

The following film is prepared using optical material
including semiconductor nanocrystals (prepared substan-
tially in accordance with the synthesis described in Example
3).
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The semiconductor nanocrystals comprise red-emitting
semiconductor nanocrystals dispersed in toluene and have a
peak emission at 611 nm,a FWHM ofabout 32 nm, a solution
quantum yield of 70% and a concentration of 20.4 mg/ml.

5.5 ml of the 20.4 mg/ml suspension of the red-emitting
nanocrystals is added from a 6 mL syringe to a 20 ml septum
capped vial including a magnetic stirrer bar, the system is
closed and purged through a syringe needle under vacuum
then backfilled with nitrogen. Approximately half of the sol-
vent is removed from the vial by vacuum stripping. 1.0 ml of
RD-12, a low viscosity reactive diluent commercially avail-
able from Radcure Corp, 9 Audrey Pl, Fairfield, N.J. 07004-
3401 is added. 4.0 ml of DR-150 is then added to the vial
through a syringe and the mixture is mixed using a Vortex
mixer. (DR-150is a UV-curable acrylic formulation commer-
cially available from Radcure.)

0.3 ml of a 10% solution of Tego 2500 in toluene is added
to the mixture by syringe while mixing. Remaining solvent is
removed from the vial by vacuum stripping.

The vessel is then backfilled with nitrogen and the mixture
is mixed using a Vortex mixer.

0.056 gram TiO, (Ti-Pure 902+ available from DuPont) is
next added to the open vial and the mixture is mixed with a
Vortex mixer followed by mixing with an homogenizer.

The vial is then capped and deaerated under vacuum and
backfilled with nitrogen.

After mixing, the closed vial is put in an ultrasonic bath for
50 minutes. Care is taken to avoid temperatures over 40° C.
while the sample is in the ultrasonic bath.

The sample is stored in the dark until used to make a
coating.

Sample material from the vial is screen-printed onto a
corona treated precleaned (using an isopropanol wipe) 1.4
mm thick polycarbonate (1% transmission haze) hexagonal
cover plate and cured in a 5000-EC UV Light Curing Flood
Lamp from DYMAX Corporation system with an H-bulb
(225 mW/cm?) for 20 seconds. The thickness of the nanoc-
rystal containing layer on the polycarbonate is approximately
32 microns.

The resulting cover plate is included as the face plate of a
white light emitting Array PAR 30 LED lamp available from
NEXXUS Lighting.

Example 5
Preparation of Semiconductor Nanocrystals

A. Preparation of Semiconductor Nanocrystals
Capable of Emitting 588 nm Light with
3,5-di-tert-butyl-4-hydroxybenzylphosphonic acid

Synthesis of CdSe Cores: 1.75 mmol cadmium acetate is
dissolved in 15.7 mmol of tri-n-octylphosphine at 140° C. in
a 20 mL vial and then dried and degassed for one hour. 31.0
mmol of trioctylphosphine oxide and 4 mmol of octade-
cylphosphonic acid are added to a 3-neck flask and dried and
degassed at 110° C. for one hour. After degassing, the Cd
solution is added to the oxide/acid flask and the mixture is
heated to 270° C. under nitrogen. Once the temperature
reaches 270° C., 16 mmol of tri-n-butylphosphine is injected
into the flask. The temperature is brought back to 270° C.
where 2.3 mL of 1.5 M TBP-Se is then rapidly injected. The
reaction mixture is heated at 270° C. for 30 seconds and then
the heating mantle is removed from the reaction flask allow-
ing the solution to cool to room temperature. The CdSe cores
are precipitated out of the growth solution inside a nitrogen
atmosphere glovebox by adding a 3:1 mixture of methanol
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and isopropanol. The isolated cores are then dissolved in
hexane and used to make core-shell materials. (Abs/Emis-
sion/FWHM (nm)=518/529/26.5).

Synthesis of CdSe/CdZnS Core-Shell Nanocrystals: Two
identical reactions are set up whereby 25.86 mmol of trio-
ctylphosphine oxide and 2.4 mmol of 3,5-di-tert-butyl-4-hy-
droxybenzylphosphonic acid are loaded into 50 mL four-
neck round bottom flasks. The mixtures are then dried and
degassed in the reaction vessels by heating to 120° C. for
about an hour. The flasks are then cooled to 70° C. and the
hexane solution containing isolated CdSe cores from above
(0.062 mmol Cd content) are added to the respective reaction
mixture. The hexane is removed under reduced pressure.
Dimethyl cadmium, diethyl zinc, and hexamethyldisilathiane
are used as the Cd, Zn, and S precursors, respectively. The Cd
and 7Zn are mixed in equimolar ratios while the S was in
two-fold excess relative to the Cd and Zn. Two sets of Cd/Zn
(0.31 mmol of dimethylcadmium and diethylzinc) and S
(1.24 mmol of hexamethyldisilathiane) samples are each dis-
solved in 4 mL of trioctylphosphine inside a nitrogen atmo-
sphere glove box. Once the precursor solutions are prepared,
the reaction flasks are heated to 155° C. under nitrogen. The
Cd/Zn and S precursor solutions are added dropwise to the
respective reaction flasks over the course of 2 hours at 155° C.
using a syringe pump. After the shell growth, the nanocrystals
are transferred to a nitrogen atmosphere glovebox and pre-
cipitated out of the growth solution by adding a 3:1 mixture of
methanol and isopropanol. The isolated core-shell nanocrys-
tals are then dispersed in toluene and the solutions from the
two batches are combined

B. Preparation of Semiconductor Nanocrystals
Capable of Emitting 632 nm Light with
3,5-di-tert-butyl-4-hydroxybenzylphosphonic acid

Synthesis of CdSe Cores: 29.9 mmol cadmium acetate is
dissolved in 436.7 mmol of tri-n-octylphosphine at 140° C. in
a 250 mL 3-neck round-bottom Schlenk flask and then dried
and degassed for one hour. 465.5 mmol of trioctylphosphine
oxide and 61.0 mmol of octadecylphosphonic acid are added
to a 0.5 L glass reactor and dried and degassed at 120° C. for
one hour. After degassing, the Cd solution is added to the
reactor containing the oxide/acid and the mixture is heated to
270° C. under nitrogen. Once the temperature reaches 270°
C., 243.2 mmol of tri-n-butylphosphine is injected into the
flask. The temperature is brought back to 270° C. where 33.3
ml of 1.5 M TBP-Se is then rapidly injected. The reaction
mixture is heated at 270° C. for ~9 minutes at which point the
heating mantle is removed from the reaction flask and the
mixture is allowed to cool to room temperature. The CdSe
cores are precipitated out of the growth solution inside a
nitrogen atmosphere glovebox by adding a 3:1 mixture of
methanol and isopropanol. The isolated cores are then dis-
solved in hexane and used to make core-shell materials. (Abs/
Emission/FWHM (nm)=571/592/45)

Synthesis of CdSe/CdZnS Core-Shell Nanocrystals: Three
identical reactions are conducted whereby 517.3 mmol of
trioctylphosphine oxide and 48.3 mmol of 3,5-di-tert-butyl-
4-hydroxybenzylphosphonic acid are loaded into a 0.5 L
glass reactor. The mixtures are then dried and degassed in the
reactor by heating to 120° C. for about an hour. The reactors
are then cooled to 70° C. and hexane solutions containing the
isolated CdSe cores from above (1.95 mmol Cd content) are
added to the respective reaction mixtures. The hexane is
removed under reduced pressure. Dimethyl cadmium, diethyl
zinc, and hexamethyldisilathiane are used as the Cd, Zn, and
S precursors, respectively. The Cd and Zn are mixed in
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equimolar ratios while the S was in two-fold excess relative to
the Cd and Zn. Two sets of Cd/Zn (5.5 mmol of dimethylcad-
mium and diethylzinc) and S (22 mmol of hexamethyldisi-
lathiane) samples are each dissolved in 80 mL of trioctylphos-
phine inside a nitrogen atmosphere glove box. Once the
precursor solutions are prepared, the reaction flasks are
heated to 155° C. under nitrogen. The precursor solutions are
added dropwise the respective reactor solutions over the
course of 2 hours at 155° C. using a syringe pump. After the
shell growth, the nanocrystals are transferred to a nitrogen
atmosphere glovebox and precipitated out of the growth solu-
tion by adding a 3:1 mixture of methanol and isopropanol.
The resulting precipitates are then dispersed in hexane and
precipitated out of solution for a second time by adding a 3:1
mixture of methanol and isopropanol. The isolated core-shell
nanocrystals are then dissolved in chloroform and the solu-
tions from the three batches are mixed. (Abs/Emission/
FWHM (nm)=610/632/40)

Example 6

Preparation of Optical Component Including Two
Different Types of Semiconductor Nanocrystals

The following film is prepared using optical material
including semiconductor nanocrystals (prepared substan-
tially in accordance with the synthesis described in Example
5).

A. Optical Material Including Semiconductor Nanocrystals
with a Peak Emission in the Orange Spectral Region:

The semiconductor nanocrystals prepared substantially in
accordance with the synthesis described in Example SA com-
prise orange-emitting semiconductor nanocrystals dispersed
in Fluorobenzene have a peak emission at 588 nm, a FWHM
of about 28 nm, a solution quantum yield of 83% and a
concentration of 20 mg/ml.

2.7 ml of the 20 mg/ml suspension of the red-emitting
nanocrystals is added from a 3 mL syringe to a 20 ml septum
capped vial including a magnetic stirrer bar, the system is
closed and purged through a syringe needle under vacuum
then backfilled with nitrogen. Approximately 90 percent of
the solvent is removed from the vial by vacuum stripping. 0.5
ml of RD-12, a low viscosity reactive diluent commercially
available from Radcure Corp, 9 Audrey Pl, Fairfield, N.J.
07004-3401 is added. Remaining solvent is removed from the
vial by vacuum stripping. 2.0 ml of DR-150 is then added to
the vial through a syringe and the mixture is mixed using a
Vortex mixer. (DR-150 is a UV-curable acrylic formulation
commercially available from Radcure.). The mixture is then
placed in an ultrasonic bath for approximately 15 minutes.

0.028 gram TiO, (Ti-Pure 902+ available from DuPont) is
next added to the open vial and the mixture is mixed with a
Vortex mixer followed by mixing with an homogenizer.

The vial is then capped and deaerated under vacuum and
backfilled with nitrogen.

After mixing, the closed vial is put in an ultrasonic bath for
50 minutes. Care is taken to avoid temperatures over 40° C.
while the sample is in the ultrasonic bath.

The sample is stored in the dark until used to make a
combined formulation with long wavelength semiconductor
and additional matrix material.

B. Optical Material Including Semiconductor Nanocrystals
with a Peak Emission in the Red Spectral Region:

The semiconductor nanocrystals prepared substantially in
accordance with the synthesis described in Example 5B com-
prise orange-emitting semiconductor nanocrystals dispersed
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in Chloroform and have a peak emission at 632 nm,a FWHM
of about 40 nm, a solution quantum yield of 70% and a
concentration of 56.7 mg/ml.

99 ml of the 56.7 mg/ml suspension of the red-emitting
nanocrystals is added to a septum capped Erlenmeyer flask
including a magnetic stirrer bar, the system is closed and
purged through a syringe needle under vacuum then back-
filled with nitrogen. Approximately 95 percent of the solvent
is removed from the vial by vacuum stripping. 46.6 ml of
RD12, a low viscosity reactive diluent commercially avail-
able from Radcure Corp, 9 Audrey Pl Fairfield, N.J. 07004-
3401 is added. Remaining solvent is removed from the vial by
vacuum stripping. 187 ml of DR-150 is then added to the vial
through a syringe and the mixture is mixed using a Vortex
mixer. (DR-150is a UV-curable acrylic formulation commer-
cially available from Radcure.). The mixture is then placed in
an ultrasonic bath for approximately 50 minutes.

Approximately 2.6 gram TiO, (Ti-Pure 902+ available
from DuPont) is next added to the open vial as well as 12.9
grams of Esacure TPO previously ground to reduce particle
size in a ball mill machine and the mixture is mixed with a
Vortex mixer followed by mixing with an homogenizer.

The vial is then capped and deaerated under vacuum and
backfilled with nitrogen.

After mixing, the closed vial is put in an ultrasonic bath for
60 minutes. Care is taken to avoid temperatures over 40° C.
while the sample is in the ultrasonic bath. The sample is stored
in the dark until used to make a combined formulation with
long wavelength semiconductor and additional matrix mate-
rial.

C. Preparation of Host Material Including Spacer Beads:

0.9 ml of RD-12, a low viscosity reactive diluent commer-
cially available from Radcure Corp, 9 Audrey Pl, Fairfield,
N.J. 07004-3401 and 3.8 ml of DR-150, also available from
Radcure Corp, is added to a 20 ml vial and the mixture is
mixed using a Vortex mixer. The mixture is then placed in an
ultrasonic bath for approximately 30 minutes.

Approximately 0.05 gram TiO, (Ti-Pure 902+ available
from DuPont) is next added to the open vial as well as 0.05
grams of GLO179B6/45 space beads available from MO-SCI
Specialty Products, Rolla, Mo. 65401 USA, and then mixed
using a Vortex mixer.

After mixing, the closed vial is put in an ultrasonic bath for
approximately 50 minutes. Care is taken to avoid tempera-
tures over 40° C. while the sample is in the ultrasonic bath.
The sample is stored in the dark until used to make a com-
bined formulation with long wavelength semiconductor and
additional matrix material.

D. Preparation of Optical Material & Layer Including Red
and Orange Emitting Semiconductor Nanocrystals:

An optical material is formed by adding together in a 20 ml
vial, 2.52 grams of the host material including spacer beads
(prepared substantially in accordance with the procedure
described in Example 6C), 0.99 grams of the optical material
of Example 6B and 1.01 grams of the optical material of
Example 6A. The mixture was stirred using a Vortex mixer
followed by sonification in an ultrasonic bath for approxi-
mately 50 minutes.

Sample material from the combination vial is dispensed
onto a Hexagon shaped flat Borosilicate glass which was
previously cleaned using a caustic base bath, acid rinse,
deionized water rinse, and a methanol wipe. A second Hexa-
gon plate of the same size also previously cleaned is placed on
top of the dispensed sample material and the sandwiched
structure is massaged to spread the formulation evenly
between the two glass plates. Excess formulation which
squeezed out of the structure is wiped off of the outer portion
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of'the glass and the Hexagon sandwich is cured in a S000-EC
UV Light Curing Flood Lamp from DYMAX Corporation
system with an H-bulb (225 mW/cm?) for 10 seconds. The
thickness of the nanocrystal containing layer is comprises
approximately 70-79 um (approximately 360 mg of formula-
tion).

The Hexagon sandwich consisting of two Hexagon shaped
flat plates of Borosilicate glass with cured layer of acrylic
containing a sample of the optical material prepared substan-
tially as described in Example 6.

Six samples (Samples A-F) were prepared substantially as
described in Example 6. Initial CCT, CRI, and External
Quantum Efficiency measurements were taken for each
sample prior to heating each sample to approximately 50° C.
and irradiating the sample with approximately 30 mW/cm2 of
450 nm blue light for the time specified in following Table 2
for each of the samples. CCT, CRI, and EQE measurements
were taken after the irradiation time listed for the respective
sample. The data is set forth in the following Table 2.

TABLE 2

Irradiation at 50° C. @ 30 mW/cm2

Initial Initial Final Final
Sample CCT Initial EQE Irradiation CCT  Final EQE
Label (K) CRI (%) Time, Hrs (X) CRI (%)
A 2649 86.5 62 1 2482  87.1 78
B 2664 85.6 — 13 2519 87 82
C 2609 85.6 65 2 2444 87.1 77
D 2641 854 62 10* 2472 872 80
E 2659 852 63 11 2480 873 80
F 2684 845 60 11 2446 87.3 80

*2 hrs 50 C. @ 30 mW/em?2 450 nm, 8 hrs 50 C. @ 15 mW/cm2 450 nm

Because semiconductor nanocrystals have narrow emis-
sion linewidths, are photoluminescent efficient, and emission
wavelength tunable with the size and/or composition of the
nanocrystals, they are preferred quantum confined semicon-
ductor nanoparticles for use in the various aspects and
embodiments of the inventions described herein.

The size and composition of quantum confined semicon-
ductor nanoparticles (including, e.g., semiconductor nanoc-
rystals) useful in the various aspects and embodiments of the
inventions can be selected such that semiconductor nanocrys-
tals emit photons at a predetermined wavelength of wave-
length band in the far-visible, visible, infra-red or other
desired portion of the spectrum. For example, the wavelength
can be between 300 and 2,500 nm or greater, such as between
300 and 400 nm, between 400 and 700 nm, between 700 and
1100 nm, between 1100 and 2500 nm, or greater than 2500
nm.

Quantum confined semiconductor nanoparticles (includ-
ing, e.g., semiconductor nanocrystals) are nanometer-scale
inorganic semiconductor nanoparticles. Semiconductor
nanocrystals include, for example, inorganic crystallites
between about 1 nm and about 1000 nm in diameter, prefer-
ably between about 2 nm and about 50 um, more preferably
about 1 nm to about 20 nm (such as about 6,7, 8,9, 10,11, 12,
13,14, 15,16, 17, 18, 19, or 20 nm).

Semiconductor nanocrystals included in various aspect
and embodiments of the inventions most preferably have an
average nanocrystal diameter less than about 150 Angstroms
(A). In certain embodiments, semiconductor nanocrystals
having an average nanocrystal diameter in a range from about
12 to about 150 A can be particularly desirable.
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However, depending upon the composition and desired
emission wavelength of the semiconductor nanocrystal, the
average diameter may be outside of these various preferred
siZe ranges.

The semiconductor forming the nanoparticles and nanoc-
rystals for use in the various aspects and embodiments of the
inventions described herein can comprise Group [V elements,
Group II-VI compounds, Group II-V compounds, Group I1I-
VI compounds, Group III-V compounds, Group IV-VI com-
pounds, Group compounds, Group II-IV-VI compounds, or
Group 1I-IV-V compounds, for example, CdS, CdO, CdSe,
CdTe, ZnS, ZnO, ZnSe, ZnTe, MgTe, GaAs, GaP, GaSb,
GaN, HgS, HgO, HgSe, HgTe, InAs, InP, InSb, InN, AlAs,
AIP, AlSb, AlS, PbS, PbO, PbSe, Ge, Si, alloys thereof, and/or
mixtures thereof, including ternary and quaternary mixtures
and/or alloys.

Examples of the shape of the nanoparticles and nanocrys-
tals include sphere, rod, disk, other shape or mixtures thereof.

In certain preferred aspects and embodiments of the inven-
tions, quantum confined semiconductor nanoparticles (in-
cluding, e.g., semiconductor nanocrystals) include a “core”
of one or more first semiconductor materials, which may
include an overcoating or “shell” of a second semiconductor
material on at least a portion of a surface of the core. In certain
embodiments, the shell surrounds the core. A quantum con-
fined semiconductor nanoparticle (including, e.g., semicon-
ductor nanocrystal) core including a shell on at least a portion
of a surface of the core is also referred to as a “core/shell”
semiconductor nanocrystal.

For example, a quantum confined semiconductor nanopar-
ticle (including, e.g., semiconductor nanocrystal) can include
a core comprising a Group IV element or a compound repre-
sented by the formula MX, where M is cadmium, zinc, mag-
nesium, mercury, aluminum, gallium, indium, thallium, or
mixtures thereof, and X is oxygen, sulfur, selenium, tellu-
rium, nitrogen, phosphorus, arsenic, antimony, or mixtures
thereof. Examples of materials suitable for use as a core
include, but are not limited to, CdS, CdO, CdSe, CdTe, ZnS,
7Zn0, ZnSe, ZnTe, MgTe, GaAs, GaP, GaSb, GaN, HgS, HgO,
HgSe, HgTe, InAs, InP, InSb, InN, AlAs, AIP, AlSb, AlS, PbS,
PbO, PbSe, Ge, Si, alloys thereof, and/or mixtures thereof,
including ternary and quaternary mixtures and/or alloys.
Examples of materials suitable for use as a shell include, but
are not limited to, CdS, CdO, CdSe, CdTe, ZnS, ZnO, ZnSe,
ZnTe, MgTe, GaAs, GaP, GaSb, GaN, HgS, HgO, HgSe,
HgTe, InAs, InP, InSb, InN, AlAs, AP, AlSb, AlS, PbS, PbO,
PbSe, Ge, Si, alloys thereof, and/or mixtures thereof, includ-
ing ternary and quaternary mixtures and/or alloys.

In certain embodiments, the surrounding “shell” material
can have a bandgap greater than the bandgap of the core
material and can be chosen so as to have an atomic spacing
close to that of the “core” substrate. In another embodiment,
the surrounding shell material can have a bandgap less than
the bandgap of the core material. Ina further embodiment, the
shell and core materials can have the same crystal structure.
Shell materials are discussed further below. For further
examples of core/shell semiconductor structures, see U.S.
application Ser. No. 10/638,546, entitled “Semiconductor
Nanocrystal Heterostructures”, filed 12 Aug. 2003, which is
hereby incorporated herein by reference in its entirety.

Quantum confined semiconductor nanoparticles are pref-
erably members of a population of semiconductor nanopar-
ticles having a narrow size distribution. More preferably, the
quantum confined semiconductor nanoparticles (including,
e.g., semiconductor nanocrystals) comprise a monodisperse
or substantially monodisperse population of nanoparticles.
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Quantum confined semiconductor nanoparticles show
strong quantum confinement effects that can be harnessed in
designing bottom-up chemical approaches to create optical
properties that are tunable with the size and composition of
the nanoparticles.

For example, preparation and manipulation of semicon-
ductor nanocrystals are described in Murray et al. (J. Am.
Chem. Soc., 115:8706 (1993)); in the thesis of Christopher
Murray, “Synthesis and Characterization of 1I-VI Quantum
Dots and Their Assembly into 3-D Quantum Dot Superlat-
tices”, Massachusetts Institute of Technology, September,
1995; and in U.S. patent application Ser. No. 08/969,302
entitled “Highly Luminescent Color-selective Materials”
which are hereby incorporated herein by reference in their
entireties. Other examples of the preparation and manipula-
tion of semiconductor nanocrystals are described in U.S. Pat.
Nos. 6,322,901 and 6,576,291, and U.S. Patent Application
No. 60/550,314, each of which is hereby incorporated herein
by reference in its entirety.

Other materials, techniques, methods, applications, and
information that may be useful with the present invention are
described in U.S. patent application Ser. No. 11/354,185 of
Bawendi et al., entitled “Light Emitting Devices Including
Semiconductor Nanocrystals”, filed 15 Feb. 2006; U.S.
patent application Ser. No. 11/253,595 of Coe-Sullivan et al.,
entitled “Light Emitting Device Including Semiconductor
Nanocrystals™, filed 21 Oct. 2005; U.S. patent application
Ser. No. 10/638,546 of Kim et al., entitled “Semiconductor
Nanocrystal Heterostructures”, filed 12 Aug. 2003, referred
to above; Murray, et al., J. Am. Chem. Soc., Vol. 115, 8706
(1993); Kortan, et al., J. Am. Chem. Soc., Vol. 112, 1327
(1990); and the Thesis of Christopher Murray, “Synthesis and
Characterization of II-VI Quantum Dots and Their Assembly
into 3-D Quantum Dot Superlattices”, Massachusetts Insti-
tute of Technology, September, 1995, U.S. Application No.
60/971,887 of Breen, et al., for “Functionalized Semiconduc-
tor Nanocrystals And Method”, filed 12 Sep. 2007, U.S.
Application No. 60/866,822 of Clough, et al., for “Nanocrys-
tals Including A Group IIIA Element And A Group VA Ele-
ment, Method, Composition, Device and Other Products”,
filed 21 Nov. 2006; U.S. Provisional Patent Application No.
60/866,828 of Craig Breen et al., for “Semiconductor Nanoc-
rystal Materials And Compositions And Devices Including
Same,” filed 21 Nov. 2006; U.S. Provisional Patent Applica-
tion No. 60/866,832 of Craig Breen et al. for “Semiconductor
Nanocrystal Materials And Compositions And Devices
Including Same,” filed 21 Nov. 2006; U.S. Provisional Patent
Application No. 60/866,833 of Dorai Ramprasad for “Semi-
conductor Nanocrystal And Compositions And Devices
Including Same” filed 21 Nov. 2006; U.S. Provisional Patent
Application No. 60/866,834 of Dorai Ramprasad for “Semi-
conductor Nanocrystal And Compositions And Devices
Including Same,” filed 21 Nov. 2006; U.S. Provisional Patent
Application No. 60/866,839 of Dorai Ramprasad for “Semi-
conductor Nanocrystal And Compositions And Devices
Including Same” filed 21 Nov. 2006; U.S. Provisional Patent
Application No. 60/866,843 of Dorai Ramprasad for “Semi-
conductor Nanocrystal And Compositions And Devices
Including Same,” filed 21 Nov. 2006, and U.S. Patent Appli-
cation No. 60/050,929 of Seth Coe-Sullivan et al. for “Optical
Components, Systems Including an Optical Component, And
Devices”, filed 6 May 2008. Each of the foregoing is hereby
incorporated by reference herein in its entirety.

Invarious aspects and embodiments of the invention, quan-
tum confined semiconductor nanoparticles (including, but
not limited to, semiconductor nanocrystals) optionally have
ligands attached thereto.
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In certain embodiments, the ligands are derived from the
coordinating solvent used during the growth process. The
surface can be modified by repeated exposure to an excess of
a competing coordinating group to form an overlayer. For
example, a dispersion of the capped semiconductor nanoc-
rystal can be treated with a coordinating organic compound,
such as pyridine, to produce crystallites which disperse
readily in pyridine, methanol, and aromatics but no longer
disperse in aliphatic solvents. Such a surface exchange pro-
cess can be carried out with any compound capable of coor-
dinating to or bonding with the outer surface of the semicon-
ductor nanocrystal, including, for example, phosphines,
thiols, amines and phosphates. The semiconductor nanocrys-
tal can be exposed to short chain polymers which exhibit an
affinity for the surface and which terminate in a moiety having
an affinity for a suspension or dispersion medium. Such affin-
ity improves the stability of the suspension and discourages
flocculation of the semiconductor nanocrystal. In other
embodiments, semiconductor nanocrystals can alternatively
be prepared with use of non-coordinating solvent(s).

For example, a coordinating ligand can have the formula:

Y X (L),

whereinkis 2,3 or 5,andnis 1,2, 3, 4 or 5 such that k-n is not
less than zero; X is O, S, S—0, SO2, Se, Se—0, N, N—0, P,
P—0, As, or As—0; each of Y and L, independently, is aryl,
heteroaryl, or a straight or branched C2-12 hydrocarbon chain
optionally containing at least one double bond, at least one
triple bond, or at least one double bond and one triple bond.
The hydrocarbon chain can be optionally substituted with one
or more C1-4 alkyl, C2-4 alkenyl, C2-4 alkynyl, C1-4 alkoxy,
hydroxyl, halo, amino, nitro, cyano, C3-5 cycloalkyl, 3-5
membered heterocycloalkyl, aryl, heteroaryl, C1-4 alkylcar-
bonyloxy, C1-4 alkyloxycarbonyl, C1-4 alkylcarbonyl, or
formyl. The hydrocarbon chain can also be optionally inter-
rupted by —O—, —S—, —N(Ra)—, —N(Ra)—C(O)—
00—, —O—C(0O)—N(Ra)—, —N(Ra)—C(O)—N(Rb)—,
—0—C(0)—0—,—P(Ra)—, or—P(O)(Ra)—. EachofRa
and Rb, independently, is hydrogen, alkyl, alkenyl, alkynyl,
alkoxy, hydroxylalkyl, hydroxyl, or haloalkyl. An aryl group
is a substituted or unsubstituted cyclic aromatic group.
Examples include phenyl, benzyl, naphthyl, tolyl, anthracyl,
nitrophenyl, or halophenyl. A heteroaryl group is an aryl
group with one or more heteroatoms in the ring, for instance
furyl, pyiridyl, pyrrolyl, phenanthiyl.

A suitable coordinating ligand can be purchased commer-
cially or prepared by ordinary synthetic organic techniques,
for example, as described in J. March, Advanced Organic
Chemistry, which is incorporated herein by reference in its
entirety.

See also U.S. patent application Ser. No. 10/641,292
entitled “Stabilized Semiconductor Nanocrystals”, filed 15
Aug. 2003, which is hereby incorporated herein by reference
in its entirety.

When an electron and hole localize on a quantum confined
semiconductor nanoparticle (including, but not limited to, a
semiconductor nanocrystal), emission can occur at an emis-
sion wavelength. The emission has a frequency that corre-
sponds to the band gap of the quantum confined semiconduc-
tor material. The band gap is a function of the size of the
nanoparticle. Quantum confined semiconductor nanoparticle
s having small diameters can have properties intermediate
between molecular and bulk forms of matter. For example,
quantum confined semiconductor nanoparticles having small
diameters can exhibit quantum confinement of both the elec-
tron and hole in all three dimensions, which leads to an
increase in the effective band gap of the material with
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decreasing crystallite size. Consequently, for example, both
the optical absorption and emission of semiconductor nanoc-
rystals shift to the blue, or to higher energies, as the size of the
crystallites decreases.

For an example of blue light-emitting semiconductor
nanocrystal materials, see U.S. patent application Ser. No.
11/071,244, filed 4 Mar. 2005, which is hereby incorporated
by reference herein in its entirety.

The emission from a quantum confined semiconductor
nanoparticle can be a narrow Gaussian emission band that can
be tuned through the complete wavelength range of the ultra-
violet, visible, or infra-red regions of the spectrum by varying
the size of the quantum confined semiconductor nanoparticle,
the composition of the quantum confined semiconductor
nanoparticle, or both. For example, CdSe can be tuned in the
visible region and InAs can be tuned in the infra-red region.
The narrow size distribution of a population of quantum con-
fined semiconductor nanoparticles can result in emission of
light in a narrow spectral range. The population can be mono-
disperse preferably exhibits less than a 15% rms (root-mean-
square) deviation in diameter of the quantum confined semi-
conductor nanoparticle s, more preferably less than 10%,
most preferably less than 5%. Spectral emissions in a narrow
range of no greater than about 75 nm, preferably 60 nm, more
preferably 40 nm, and most preferably 30 nm full width athalf
max (FWHM) for quantum confined semiconductor nanopar-
ticle s that emit in the visible can be observed. IR-emitting
quantum confined semiconductor nanoparticle s can have a
FWHM of no greater than 150 nm, or no greater than 100 nm.
Expressed in terms of the energy of the emission, the emission
can have a FWHM of no greater than 0.05 eV, or no greater
than 0.03 eV. The breadth of the emission decreases as the
dispersity of quantum confined semiconductor nanoparticle
diameters decreases.

For example, semiconductor nanocrystals can have high
emission quantum efficiencies such as greater than 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, or 90%.

The narrow FWHM of semiconductor nanocrystals can
result in saturated color emission. The broadly tunable, satu-
rated color emission over the entire visible spectrum of a
single material system is unmatched by any class of organic
chromophores (see, for example, Dabbousi et al., J. Phys.
Chem. 101, 9463 (1997), which is incorporated by reference
in its entirety ). A monodisperse population of semiconductor
nanocrystals will emit light spanning a narrow range of wave-
lengths. A pattern including more than one size of semicon-
ductor nanocrystal can emit light in more than one narrow
range of wavelengths. The color of emitted light perceived by
aviewer can be controlled by selecting appropriate combina-
tions of semiconductor nanocrystal sizes and materials. The
degeneracy of the band edge energy levels of semiconductor
nanocrystals facilitates capture and radiative recombination
of all possible excitons.

Transmission electron microscopy (TEM) can provide
information about the size, shape, and distribution of the
semiconductor nanocrystal population. Powder X-ray dif-
fraction (XRD) patterns can provide the most complete infor-
mation regarding the type and quality of the crystal structure
of'the semiconductor nanocrystals. Estimates of size are also
possible since particle diameter is inversely related, via the
X-ray coherence length, to the peak width. For example, the
diameter of the semiconductor nanocrystal can be measured
directly by transmission electron microscopy or estimated
from X-ray diffraction data using, for example, the Scherrer
equation. [t also can be estimated from the UV/Vis absorption
spectrum.
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Quantum confined semiconductor nanoparticles are pref-
erably handled in a controlled (oxygen-free and moisture-
free) environment, preventing the quenching of luminescent
efficiency during the fabrication process.

An optical material comprising 1 quantum confined semi-
conductor nanoparticles can be dispersed in a liquid medium
and are therefore compatible with thin-film deposition tech-
niques such as spin-casting, drop-casting, and dip coating.

In certain preferred embodiments, an optical material for
use in various aspects and embodiments in accordance with
the invention can be prepared, for example, from an ink
comprising quantum confined semiconductor nanoparticles
and a liquid vehicle, wherein the liquid vehicle comprises one
or more functional groups that are capable of being polymer-
ized (e.g., cross-linked) to form a host material. In certain
embodiments, the functional units can be cross-linked by UV
treatment. In certain embodiments, the functional units can be
cross-linked by thermal treatment. In certain embodiments,
the functional units can be cross-linked by other cross-linking
technique readily ascertainable by a person of ordinary skill
in a relevant art. In certain embodiments, the optical material
including one or more functional groups that are capable of
being cross-linked can be the liquid vehicle itself. See also
U.S. Application No. 60/946,090 of Linton, et al., for “Meth-
ods For Depositing Nanomaterial, Methods For Fabricating A
Device, Methods For Fabricating An Array Of Devices And
Compositions”, filed 25 Jun. 2007, and U.S. Application No.
60/949,306 of Linton, et al., for “Compositions, Methods For
Depositing Nanomaterial, Methods For Fabricating A
Device, And Methods For Fabricating An Array Of Devices”,
filed 12 Jul. 2007, the disclosures of each of which are hereby
incorporated herein by reference. Optionally, the ink further
includes scatterers and/or other additives.

An ink can be deposited onto a surface of a substrate by
printing, screen-printing, spin-coating, gravure techniques,
inkjet printing, roll printing, etc. The ink can be deposited in
a predetermined arrangement. For example, the ink can be
deposited in a patterned or unpatterned arrangement. For
additional information that may be useful to deposit an ink
onto a substrate, see for example, International Patent Appli-
cation No. PCT/US2007/014711, entitled ‘“Methods For
Depositing Nanomaterial, Methods For Fabricating A
Device, And Methods For Fabricating An Array Of Devices”,
of Seth A. Coe-Sullivan, filed 25 Jun. 2007, International
Patent Application No. PCT/US2007/014705, entitled
“Methods For Depositing Nanomaterial, Methods For Fabri-
cating A Device, Methods For Fabricating An Array Of
Devices And Compositions”, of Seth A. Coe-Sullivan, et al.,
filed 25 Jun. 2007, International Patent Application No. PCT/
US2007/014706, entitled “Methods And Articles Including
Nanomaterial”, of Seth A. Coe-Sullivan, et al., filed 25 Jun.
2007, International Patent Application No. PCT/US2007/
08873, entitled “Composition Including Material, Methods
Of Depositing Material, Articles Including Same And Sys-
tems For Depositing Material”, of Seth A. Coe-Sullivan, et
al., filed 9 Apr. 2007, International Patent Application No.
PCT/US2007/09255, entitled “Methods Of Depositing Mate-
rial, Methods Of Making A Device, And Systems And
Articles For Use In Depositing Material”, of Maria J, Anc, et
al., filed 13 Apr. 2007, International Patent Application No.
PCT/US2007/08705, entitled “Methods And Articles Includ-
ing Nanomaterial”, of Seth Coe-Sullivan, et al, filed 9 Apr.
2007, International Patent Application No. PCT/US2007/
08721, entitled “Methods Of Depositing Nanomaterial &
Methods Of Making A Device” of Marshall Cox, et al., filed
9 Apr. 2007, U.S. patent application Ser. Nos. 11/253,612,
entitled “Method And System For Transferring A Patterned



US 9,167,659 B2

45
Material” of Seth Coe-Sullivan, et al., filed 20 Oct. 2005, and
U.S. patent application Ser. No. 11/253,595, entitled “Light
Emitting Device Including Semiconductor Nanocrystals™, of
Seth Coe-Sullivan, et al., filed 20 Oct. 2005, each of the
foregoing patent applications being hereby incorporated
herein by reference.

Due to the positioning of the optical material comprising
quantum confined semiconductor nanoparticles in features or
layers resulting from these deposition techniques, not all of
the surfaces of the nanoparticles may be available to absorb
and emit light.

In certain embodiments, an optical material comprising
quantum confined semiconductor nanoparticles can be
deposited on a surface using contact printing. See, for
example, A. Kumar and G. Whitesides, Applied Physics Let-
ters, 63, 2002-2004, (1993); and V. Santhanam and R. P.
Andres, Nano Letters, 4, 41-44, (2004), each of which is
incorporated by reference in its entirety. See also U.S. patent
application Ser. No. 11/253,612, filed 21 Oct. 2005, entitled
“Method And System For Transferring A Patterned Mate-
rial”, of Coe-Sullivan et al. and U.S. patent application Ser.
No. 11/253,595, filed 21 Oct. 2005, entitled “Light Emitting
Device Including Semiconductor Nanocrystals,” of Coe-Sul-
livan, each of which is incorporated herein by reference in its
entirety.

This technique can be use for depositing a various thick-
nesses of optical materials comprising quantum confined
semiconductor nanoparticles. In certain embodiments the
thickness is selected to achieve the desired % absorption
thereby. Most preferably, the quantum confined semiconduc-
tor nanoparticles do not absorb any, or absorb only negligible
amounts of, the re-emitted photons.

In certain embodiments, methods for applying a material
(e.g., an optical material) to a predefined region on a substrate
(e.g., support element) may be desirable. The predefined
region is a region on the substrate where the material is
selectively applied. In certain embodiments wherein the opti-
cal component includes one or more different types of quan-
tum confined semiconductor nanoparticles to compensate for
more than one spectral deficiency of a light source, different
types of quantum confined semiconductor nanoparticle can
optionally be included in one or more different optical mate-
rials. In certain embodiments wherein the optical component
includes one or more different types of quantum confined
semiconductor nanoparticles to compensate for more than
one spectral deficiency of a light source, different types of
quantum confined semiconductor nanoparticle can optionally
be included in two or more different optical materials, and
each of the different optical materials can be applied to dif-
ferent regions of the substrate and/or as separate layers over
the substrate. The material and substrate can be chosen such
that the material remains substantially entirely within the
predetermined area. By selecting a predefined region that
forms a pattern, material can be applied to the substrate such
that the material forms a pattern. The pattern can be a regular
pattern (such as an array, or a series of lines), or an irregular
pattern. Once a pattern of material is formed on the substrate,
the substrate can have a region including the material (the
predefined region) and a region substantially free of material.
In some circumstances, the material forms a monolayer on the
substrate. The predefined region can be a discontinuous
region. In other words, when the material is applied to the
predefined region of the substrate, locations including the
material can be separated by other locations that are substan-
tially free of the material.

An optical material comprising quantum confined semi-
conductor nanoparticles can alternatively be deposited by
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solution based processing techniques, phase-separation, spin
casting, inkjet printing, silk-screening, and other liquid film
techniques available for forming patterns on a surface.

Alternatively, quantum confined semiconductor nanopar-
ticles can be dispersed in a light-transmissive host material
(e.g., a polymer, a resin, a silica glass, or a silica gel, etc.,
which is preferably at least partially light-transmissive, and
more preferably transparent, to the light emitted by the quan-
tum confined semiconductor nanoparticles and in which
quantum confined semiconductor nanoparticles can be dis-
persed) that is deposited as a full or partial layer or in a
patterned arrangement by any of the above-listed or other
known techniques. Suitable materials include many inexpen-
sive and commonly available materials, such as polystyrene,
epoxy, polyimides, and silica glass. After application to the
surface, such material may contain a dispersion of quantum
confined semiconductor nanoparticles where the nanopar-
ticles have been size selected so as to produce light of a given
color. Other configurations of quantum confined semicon-
ductor nanoparticles disposed in a material, such as, for
example, a two-dimensional layer on a substrate with a poly-
mer overcoating are also contemplated.

U.S. Patent Application No. 61/016,227 of Seth Coe-Sul-
livan et al. for “Compositions, Optical Component, System
Including An Optical Components, and Devices”, filed 21
Dec. 2007 is hereby incorporated herein by reference in its
entirety.

As used herein, “top”, “bottom”, “over”, and “under” are
relative positional terms, based upon a location from a refer-
ence point. More particularly, “top” means farthest away
from a reference point, while “bottom” means closest to the
reference point. Where, e.g., a layer is described as disposed
or deposited “over” a component or substrate, the layer is
disposed farther away from the component or substrate. There
may be other layers between the layer and component or
substrate. As used herein, “cover” is also a relative position
term, based upon a location from a reference point. For
example, where a first material is described as covering a
second material, the first material is disposed over, but not
necessarily in contact with the second material.

As used herein, the singular forms “a”, “an” and “the”
include plural unless the context clearly dictates otherwise.
Thus, for example, reference to an emissive material includes
reference to one or more of such materials.

Applicants specifically incorporate the entire contents of
all cited references in this disclosure. Further, when an
amount, concentration, or other value or parameter is given as
either a range, preferred range, or a list of upper preferable
values and lower preferable values, this is to be understood as
specifically disclosing all ranges formed from any pair of any
upper range limit or preferred value and any lower range limit
or preferred value, regardless of whether ranges are sepa-
rately disclosed. Where a range of numerical values is recited
herein, unless otherwise stated, the range is intended to
include the endpoints thereof, and all integers and fractions
within the range. It is not intended that the scope of the
invention be limited to the specific values recited when defin-
ing a range.

Other embodiments of the present invention will be appar-
ent to those skilled in the art from consideration of the present
specification and practice of the present invention disclosed
herein. It is intended that the present specification and
examples be considered as exemplary only with a true scope
and spirit of the invention being indicated by the following
claims and equivalents thereof.
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The invention claimed is:

1. A solid state lighting device comprising a phosphor
converted LED light source that emits white light including a
blue spectral component and having a deficiency in at least
one spectral region, and an optical component that is posi-
tioned to receive at least a portion of the white light generated
by the light source and supplement the spectrum of the white
light passing through the optical component, the optical com-
ponent comprising an optical material for converting at least
a portion of the blue spectral component of the white light to
one or more predetermined wavelengths such that light emit-
ted by the solid state lighting device includes white light
emission from the light source supplemented with light emis-
sion at one or more predetermined wavelengths in a deficient
spectral region of the light source, wherein the optical mate-
rial comprises quantum confined semiconductor nanopar-
ticles distributed in a host material, wherein the optical mate-
rial is fully encapsulated by one or more barrier materials, and
wherein the optical component is not in direct contact with the
light source.

2. A solid state lighting device in accordance with claim 1
wherein at least one predetermined wavelength is in a range
from about 575 nm to about 650 nm.

3. A solid state lighting device in accordance with claim 1
wherein at least one predetermined wavelength is in a range
from about 450 nm to about 500 nm.

4. A solid state lighting device in accordance with claim 1
wherein the light emitted by the light source has a General
Color Rendering Index (R,) less than 80.

5. A solid state lighting device in accordance with claim 4
wherein the light emitted by the solid state lighting device has
a General Color Rendering Index (R,,) greater than 80.

6. A solid state lighting device in accordance with claim 4
wherein the light emitted by the solid state lighting device has
a General Color Rendering Index (R) greater than 85.

7. A solid state lighting device in accordance with claim 4
wherein the light emitted by the solid state lighting device has
a General Color Rendering Index (R,,) greater than 90.

8. A solid state lighting device in accordance with claim 4
wherein the light emitted by the solid state lighting device has
a General Color Rendering Index (R,,) greater than 95.

9. A solid state lighting device in accordance with claim 1
wherein the General Color Rendering Index (R,) of the light
emitted by the solid state lighting device is at least 10% higher
than the General Color Rendering Index (R,) of the light
emitted by the light source.

10. A solid state lighting device in accordance with claim 1
wherein the solid state lighting device maintains greater than
70% of the light source lumens per watt efficiency.

11. A solid state lighting device in accordance with claim 1
wherein the solid state lighting device maintains greater than
100% of the light source lumens per watt efficiency.

12. A solid state lighting device in accordance with claim 1
wherein the solid state lighting device maintains greater than
110% of the light source lumens per watt efficiency.

13. A solid state lighting device in accordance with claim 1
wherein the lumens per watt efficiency of the solid state
lighting device does not substantially vary as a function of the
color temperature of the solid state lighting device.

14. A solid state lighting device in accordance with claim 1
wherein quantum confined semiconductor nanoparticles are
included in the optical material in an amount in a range from
about 0.001 to about 5 weight percent of the weight of the host
material.

15. A solid state lighting device in accordance with claim 1
wherein the optical material further comprises light scatter-
ers.
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16. A solid state lighting device in accordance with claim
15 wherein light scattering particles are included in the opti-
cal material in an amount in a range from about 0.001 to about
5 weight percent of the weight of the host material.

17. A solid state lighting device in accordance with claim 1
wherein the optical component further includes a support
element and the optical material comprising quantum con-
fined semiconductor nanoparticles is disposed over a surface
of the support element.

18. A solid state lighting device in accordance with claim
17 wherein the support element is optically transparent to the
light output from the solid state lighting device.

19. A solid state lighting device in accordance with claim
17 wherein the support element comprises a cover plate for
the solid state lighting device.

20. A solid state lighting device in accordance with claim 1
wherein the temperature at the location of the nanoparticles
during operation of the solid state lighting device is less than
90° C.

21. A solid state lighting device in accordance with claim 1
wherein the light source comprises a blue light emitting semi-
conductor LED including a phosphor material for converting
the blue LED light output to white light.

22. A solid state lighting device in accordance with claim
21 wherein optical material comprises quantum confined
semiconductor nanoparticles capable of emitting red light.

23. A solid state lighting device in accordance with claim 1
wherein the optical material comprises quantum confined
semiconductor nanoparticles capable of emitting red light.

24. A solid state lighting device in accordance with claim 1
wherein the quantum confined semiconductor nanoparticles
comprise a semiconductor nanocrystal including a core com-
prising a semiconductor material and an inorganic shell dis-
posed on at least a portion of a surface of the core.

25. A solid state lighting device in accordance with claim 1
wherein the light emitted from the solid state lighting device
has a correlated color temperature that is at least about 1000K
less than that of light emitted from the light source.

26. A solid state lighting device in accordance with claim 1
wherein the light emitted from the solid state lighting device
has a correlated color temperature that is at least about 2000K
less than that of light emitted from the light source.

27. A solid state lighting device in accordance with claim 1
wherein the light emitted from the solid state lighting device
has a correlated color temperature that is at least about 3000K
less than that of light emitted from the light source.

28. A solid state lighting device in accordance with claim 1
wherein the light emitted from the solid state lighting device
has a correlated color temperature that is at least about 4000K
less than that of light emitted from the light source.

29. A solid state lighting device in accordance with claim 1
wherein the optical component comprises two or more dif-
ferent types of quantum confined semiconductor nanopar-
ticles, wherein each different type of quantum confined semi-
conductor nanoparticles emits light at predetermined
wavelength that is different from the predetermined wave-
length emitted by at least one of another type of quantum
confined semiconductor nanoparticles included in the optical
material, and wherein two or more different predetermined
wavelengths are selected such that the optical material will
compensate for two or more spectral deficiencies of the light
source.

30. A solid state lighting device in accordance with claim 1
wherein the optical component is fully encapsulated.

31. A solid state lighting device comprising a phosphor
converted LED light source that emits white light including
emission in the blue spectral region and having a deficiency in
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the orange to red spectral region; and an optical component
that is positioned to receive and supplement the spectrum of
white light emitted by the LED and passing through the
optical component, the optical component comprising an
optical material for converting at least a portion of the emis-
sion in the blue spectral region to light in the spectral region
with a wavelength in a range from about 575 nm to about 650
nm such that light emitted by the solid state lighting device
includes white light emission from the LED light source
supplemented with converted light emission, wherein the
optical material comprises quantum confined semiconductor
nanoparticles and light scatterers distributed in a host mate-
rial, wherein the optical material is fully encapsulated by one
or more barrier materials, and wherein the optical component
is not in direct contact with the light source.

32. A solid state lighting device in accordance with claim
31 wherein the quantum confined semiconductor nanopar-
ticles comprise a semiconductor nanocrystal including a core
comprising a semiconductor material and an inorganic shell
disposed on at least a portion of a surface of the core.

33. An optical component for use with a light source that
emits white light including a blue spectral component and at
least one spectral deficiency in another region of the spectrum
of the white light emitted by the light source, the optical
component comprising an optically transparent substrate
comprising a diffuser and an optical material for converting at
least a portion of the blue spectral component of white light
output from the light source passing through the optical com-
ponent to one or more predetermined wavelengths, wherein
the optical material comprises quantum confined semicon-
ductor nanoparticles and light scatterers distributed in a host
material, wherein the optical material is disposed over a sur-
face of the optically transparent substrate, and wherein the
optical material is fully encapsulated by one or more barrier
materials.

34. An optical component in accordance with claim 33
wherein one or more of the predetermined wavelengths is
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selected to compensate for the deficiency in the spectral
region of the white light emitting source.

35. An optical component in accordance with claim 33
wherein one or more of the predetermined wavelengths are in
a range from about 575 nm to 650 nm.

36. An optical component in accordance with claim 33
wherein the light source emits white light with a spectral
deficiency in the cyan spectral region and the predetermined
wavelength can be in a range from about 450 nm to about 500
nm.
37. An optical component in accordance with claim 33
wherein the optical component comprises two or more dif-
ferent types of quantum confined semiconductor nanopar-
ticles, wherein each different type of quantum confined semi-
conductor nanoparticles emits light at predetermined
wavelength that is different from the predetermined wave-
length emitted by at least one of another type of quantum
confined semiconductor nanoparticles included in the optical
material, and wherein two or more different predetermined
wavelengths are selected such that the optical material will
compensate for one or more spectral deficiencies of the white
light emitting source.

38. An optical component in accordance with claim 33
wherein the optical component includes two or more different
types of quantum confined semiconductor nanoparticles that
emit at different predetermined wavelengths, wherein the
different types of quantum confined semiconductor nanopar-
ticles are included in two or more different optical materials.

39. An optical component in accordance with claim 33
wherein the quantum confined semiconductor nanoparticles
have a solid state quantum efficiency of at least 40%.

40. An optical component in accordance with claim 33
wherein the quantum confined semiconductor nanoparticles
maintain at least 40% efficiency during use of the optical
component.

41. An optical component in accordance with claim 33
wherein the optical component is fully encapsulated.
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